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THE ABNORMAL LOW VOLTAGE ARC 


By Cart EcKArT AND K. T. Compton 


ABSTRACT 


Oscillating and stable stages of low-voltage arcs in pure helium.—Meas- 
urements with a peak voltmeter, confirmed by photographs with a Braun 
oscillograph, showed that with resistance in the circuit the arc went through 
five stages as the current was increased from 0 to 1 amp. for the tube studied; 
(a) voltage stable above the ionizing potential 25.4; (b) voltage oscillating from 
above 25.4 to below the lowest radiating potential 19.8; (c) voltage stable at 
practically 19.8; (d) voltage oscillating from between 20 and 24 to below 19; 
(e) voltage stable above 19.8. The oscillating stages were eliminated by re- 
ducing the external resistance to a low value. These phenomena are given a 
semi-quantitative theoretical explanation on the basis of a negative space charge 
around the filament for stages a,b,c and a positive space charge for stages d,e, 
and of the probabilities of excitation and ionization by electron impacts at dif- 
ferent voltages. Spectroscopic observations. Lines 7065, 6678, 5876 and 5016 
were relatively weak during stage c and increased in intensity with current in 
stages d,e. 

Explanation of abnormal low-voltage arcs.—Arcs can be maintained, using 
a hot cathode, with an applied voltage less than the minimum critical potential 
in He and Hg, but not in H; and Nz. Such abnormal arcs are found to be 
oscillating, the maximum voltage in a cycle always exceeding a critical poten- 
tial. The arc is maintained momentarily at a lower voltage by ionization of 
atoms previously excited at a higher voltage, but not in the case of gases 
such as Hz and Nz, which do not exist in a metastable excited state and are 
not ionized by cumulative action. More recent work shows that with very 
intense ionization, abnormal arcs may be maintained without oscillations, 
because of the negative potential gradient from the anode to the boundary of 
the cathode drop. 


I. INTRODUCTION AND GENERAL DESCRIPTION 


T HAS been known for some time that an arc in helium! and in mercury 
vapor’ can be maintained at a voltage considerably lower than the 
lowest critical potential of the gas. The explanation of this phenomenon 
1K. T. Compton, E. G. Lilly, and P. S. Olmstead, Phys. Rev. 4, 282 (1920); 
A. C. Davies, Proc. Roy. Soc. A 100, 599 (1922) 


* T. C. Hebb, Phys. Rev. 16, 375 (1920); 
Y. T. Yao, Phys. Rev. 21, 1, (1923) 
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has been found by. Bar, v. Laue, and E. Meyer® and independently by the 
authors.* 

The abnormal low voltage arc is a generator of alternating current, 
very similar to the singing arc between carbon electrodes. The apparent 
low voltage at which the arc maintains itself is merely the time-average of 
a variable voltage whose maximum value (see below) is always greater 
than the first radiating potential of the gas. This type of arc (in a pure 
gas at pressures of 4 to 6 mm) differs from the ordinary singing arc be- 
tween volatile electrodes at atmospheric pressures in that no inductance 
or capacitance is necessary to maintain the oscillations. The period is 
determined by the current through the arc and by the temperature of the 
hot cathode. A decrease in the arc current or an increase in the filament 
temperature both tend to lower the pitch of the note heard in a telephone 
receiver. 

Since the frequency is not stabilized by resonance in any circuit, it 
is quite variable, rendering it difficult to synchronise any other generator 
with the arc for purposes of measurement of frequency, etc. 


II. APPARATUS 


The helium on which most of the experiments were made was purified 
by circulating over a heated mixture of copper and copper oxide, then over 
phosphorus pentoxide, and finally, before being admitted to the experi- 
mental tube, it passed through three traps, cooled in liquid air, two of 
which contained charcoal. 

One charcoal trap, connecting directly to the experimental tube, and 
the mercury trap were kept at liquid air temperatures continuously during 
the time the helium was in the experimental tube. 

It was found impossible to prevent the filament, which was large, from 
liberating traces of hydrogen, but experiments performed immediately 
after careful purification failed to indicate that this affected the occur- 
rence of oscillations. This is confirmed by earlier data of Compton, Lilly, 
and Olmstead,! who used smaller filaments and thus had less difficulty in 
excluding hydrogen. They obtained curves which are identical in shape, 
to within limits of reproducibility, with the curve B of Fig. 2. It is not 
in agreement with the observations of Bazzoni and Lay’ that oscillations 
do not occur in carefully purified helium. 

During none of the work herein reported was any line of the mercury 
spectrum visible, nor any of the hydrogen spectrum, with the exception 
of Ha which was occasionally faintly visible. 
’ Bar, v. Laue and E. Meyer, Zeits. f. Phys., 20, 83 (1923) 


4Eckart and Compton, Science 59, 166 (1923) 
5 Bazzoni and Lay, Phys. Rev. 23, 327 (1924) 
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The experimental tubes were of the ordinary hot cathode type. Two 
sizes of tungsten filament were used, one requiring 30 amp., 2.5 v., the 
other 16 amp., 2 v. The anode in each case was a circular nickel disk, 
2-3 cm in diameter, and distant 2-10 mm from the cathode. This nickel 
disk was heated by an induction furnace to a red heat in order to remove 
adsorbed gas, principally CO. 

The arc current was obtained from a 110 v. storage battery, and 
regulated by the usual series and parallel resistances. These were at 
first ordinary laboratory rheostats, 3000-4000 ohms. Later, when it 
became desirable to control the reactance of the circuit, they were 
replaced by an electrolytic resistance of approximately 600 ohms, and 
finally, by specially wound, non-inductive wire rheostats of 4000 ohms. 


III. ExPpreRIMENTAL 


(a) Peak-voltmeter measurements on helium arcs. The first measure- 
ments made on the oscillations were determinations of the maximum and 
minimum voltage attained during a cycle. These were obtained by 
means of a peak-voltmeter, whose operation is evident from Fig. 1. 





I 

















Fig. 1. Connections for determination of maximum and minimum voltages of the 
oscillating arc. 


The results of a typical series of such measurements are shown in Fig. 
2. The ordinates represent the average current, measured by a d.c. 
ammeter. As abscissas are plotted the minimum voltage (curve A), 
the average (d.c.) voltage (curve B), and the maximum voltage (curve C). 
The electrolytic resistance was used during the run, and the filament 
current obtained from local storage cells, placed on a table. The induc- 
tance of the 110 v. storage battery mains was hence the only appreciable 
reactance. The helium pressure was 6 mm. 
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Five distinct regions are apparent on these curves. First, the section 
abb’’ where the current is small, and perfectly steady. Second, the 
region b’’c, of oscillations. The voltage here varies from a value greater 
than the ionizing potential (25.4 v.) to a value less than the lowest 
radiating potential (19.8 v.). This is followed by the region cd, where the 
arc again maintains itself without oscillations. The voltage here is almost 
independent of the current, and is practically at the first radiating 
potential.® Next, the region de, of oscillations, the voltage varying from a 
value greater than the first radiating potential but less than the ionizing, 
to a value very much less than the former. And finally, the region ef where 
the arc burns without oscillations, in the normal manner. 
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Fig. 2. Current voltage relations of arc in helium with high external resistance. 





(b) Arcs in hydrogen, nitrogen, and mercury vapor. Observations 
this kind were made on arcs in hydrogen and nitrogen’ and in mercury. 
In hydrogen and nitrogen, the arcs show no tendency to persist at an 
abnormally low voltage, and no evidence of oscillations was found. In 
mercury vapor, T. C. Hebb*? and Y. T. Yao* have found that the arc 
behaves much like the helium arc. Using one of Mr. Yao’s tubes, we had 
no difficulty in detecting the oscillations, and found again that the 
maximum voltage attained during the cycle was always greater than the 
first critical potential. 

* All arc voltages given in this paper are uncorrected. The correction for filament 
drop is to be subtracted; for initial velocities, to be added. 


7 We are indebted to Mr. C. Kwei, of this laboratory, for the use of his apparatus 
. , 
for this work. 
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It is interesting to note that helium and mercury possess well-defined 
metastable states, while hydrogen and nitrogen do not. Also, collisions 
between molecules and electrons at velocities below the critical potentials 
are elastic in helium and mercury and inelastic in hydrogen and nitrogen. 

(c) Arcs with no stabilizing resistance. Having shown that oscillations 
exist whenever the arc persists at an abnormally low voltage, it was 
desirable to show that when oscillations cannot occur, the voltage of the 
arc cannot drop below the radiating potential. To attain this end, the 
arc current was furnished by a local battery of storage cells, fitted with 
an end cell switch. The entire circuit, exclusive of the arc itself, had a 
resistance of about one ohm. Under such conditions oscillations were 
impossible and the current-voltage characteristic of the helium arc was 
similar to Fig. 3 over a range of pressures from 3 to 12 mm. 
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Fig. 3. Current-voltage characteristic of helium arc with very low external resistance. 

(d) Control of filament temperature. In working with the set-up de- 
scribed in the previous section, it was at first thought that the curve 
ABC of Fig. 3 could not be reversibly described, that the current-voltage 
relation on lowering the voltage was given by the dotted curve, B’C’. 
On making the filament one arm of a Wheatstone bridge and maintaining 
its resistance at a constant value by regulating the heating current, this 
irreversibility was removed. 
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Similar results were obtained with the other set-up for which oscilla- 
tions were possible. It was observed that no adjustment of heating 
current was necessary until the point d, Fig. 2 had been passed. This 
indicates that until d is passed, there is no appreciable bombardment of 
the filament by positive ions, and therefore that the potential gradient 
around the filament is small. This in turn means that the space charge 


PIG. 6 PIG. 7 


Current-voltage records obtained with Braun tube. 
Fig. 4 is taken under the conditions of Fig. 2. 
Fig. 5 shows the effect of .1 henry in series with the arc. 
Fig. 6 shows the effect of 3 microfarads in parallel with the arc. 
Fig. 7 shows the combined effect of inductance and capacity. 


around the filament is negative throughout the whole region abcd. This 


conclusion is supported by spectroscopic evidence (see below), and has 
an important bearing on the theory of the arc. 

(e) Arcs with large stabilizing resistances. It was thought that by using 
high series resistances and high electromotive forces, the arc might be 
stabilized so as to burn without oscillations in regions where otherwise 
oscillations would occur. By connecting non-inductive meg-ohm resist- 
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ances in series-parallel, and using a 2000 v. generator or a 500 v. battery 
of dry cells, this was attempted. The oscillations were found to be, if 
anything, more stable. In one case, with 15,000 ohms series resistance, the 
500 v. battery, and a low filament temperature, the oscillations started 
when the are current was 2 m-amp. With lower resistance and voltage, 
no oscillations could be observed when the filament was at this tempera- 
ture, nor, even with higher temperature, would the oscillations start 
until a much higher are current (50-150 m-amp) was flowing. 

(f) Braun tube observations. Investigation of the current-voltage rela- 
tion during oscillations by means of a Braun tube confirmed the previous 
results. Figs. 4, 5, 6, and 7 are photographic records of the position of 
the luminous spot of the Braun tube for various settings of the control 
resistances. The ordinates represent current, the abscissas voltage. 
The lighter line parallel to the current axis is drawn through 20 v., i.e., 
approximately the lowest radiating potential. 


ARC VOLTAGE 








Fig. 8 


Fig. 4 was taken under the conditions of Fig. 2 and shows the regions of 
oscillation distinctly. The relative blackening of various parts of the 
lines indicating oscillations is interesting. The low current, high voltage 
(22-27 v. max.) type of oscillation shows most intense blackening near 
the maximum of voltage. Blackening being roughly inversely propor- 
tional to the velocity of the spot, this shows that the voltage remains at 
its maximum for a considerable length of time compared to the interval 
during which it passes through the lower values. The oscillations are 
hence rather a series of brief surges of current, with accompanying 
potential drop, than true oscillations. 

This was confirmed by impressing an alternating voltage of sine form 
across the horizontal deflecting plates of the Braun tube, and the arc 
voltage across the vertical plates. While it was impossible to photograph 
the resulting curves, or even to keep them sufficiently steady for con- 


venient visual observation, their general shape is shown in Fig. 8. The 


high current, low voltage type could not be examined by this method 
at all, owing to its irregularity in the absence of reactance. 
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Fig. 5 shows the marked increase in the amplitude of voltage variation 
and reduction of current variation which results from 0.1 henry induc- 
tance in series with the arc. Fig. 6 shows the effect of 3 microfarads in 
parallel with the arc, and Fig. 7 the combined effect of inductance and 
capacitance. 

(g) Spectroscopic observations. Some observations made on the spec- 
trum of the arc in helium are of importance in the formulation of a theory 
of the arc. They are, however, to be regarded merely as preliminary 
results. 

Of the purity of the helium used in these experiments there can be no 
question. As mentioned above, /7/a was the only line corresponding to 
impurities which was ever observed while working; but during this work 
it was not visible. The helium band at \ 6400 was visible, and our 
experience has been that it is rarely visible simultaneously with Ha. 

The four lines 7065 (17—20)}, 6678 (1P—2D), 5876 (17—285), and 5016 
(1S—2P) were observed visually while the arc passed through its various 
stages. The instrument used was a Hilger constant deviation wave- 
length spectrometer. The helium pressure was 5 mm. It may be noted 
that the conditions of this work are not comparable with the conditions 
under which some recent work on the spectrum of helium was done,® 
for the electron bombardment was very much more intense in our work 
than in the other. 

All four lines appeared, apparently simultaneously, between the states 
band b”’ (Fig. 2). They were first visible near the anode, and, as the arc 
passed through the various states of oscillation b’’c they lengthened out. 
In the region cd, they first suffered a marked decrease in intensity, then 
increased again. During this increase, the position of maximum intensity 
shifted toward the cathode from a point midway between anode and 
cathode. The maximum intensity of the lines reached the cathode when 
the arc reached the state d; this is also the point at which the ionic bom- 
bardment begins. Throughout the region def, the lines increase uniformly 
in intensity. 

IV. INTERPRETATION OF RESULTS 

Although it has not been possible to formulate a complete quantitative 

theory of these oscillations, the following semi-quantitative treatment 


seems to be a fairly satisfactory physical interpretation of the phenomena. 
There are two conditions which must be satisfied by the arc current 


and voltage. The one is imposed by the external electrical circuit, and 


8 Udden and Jacobsen, Phys. Rev. 23, 322 (1924); 
Bazzoni and Lay, Phys. Rev. 23, 327 (1924) 
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the other by the internal characteristics of the tube. The former is very 
simple, but the latter is complex. , 

Consider the simplest possible circuit (Fig. 9) containing the discharge 
tube, a constant non-inductive resistance R, and a variable electromotive 
force E, all in series. Then, for any given electromotive force E, the 
current 7 and the voltage drop across the tube, V must satisfy the relation 


V=E-Ri. (1) 


In the graph of Fig. 9, the line DE is the graph of this equation for the 
value of E given by OE. Its slope is —1/R, and is therefore steeper the 








‘SS 
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Fig. 9. Theoretical current-voltage curves. 


smaller R. If E is increased, Eq. (1) determines another line, parallel 
to DE, and to its right. 

The external conditions require, therefore, that the point representing 
the actual values of i and V shall lie on this line. The particular position 
on the line depends on the second condition. 
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The internal conditions can most conveniently be studied in six succes- 
sive stages, corresponding to the various regions ab, etc., of Figs. 2 and 9. 

(a) Stage oa. V<V,. If the potential drop V is less than the lowest 
radiating potential V,, there can be no ionization of the gas, and the 
current is limited by negative space charge to a value given by 


i = CVs, (2) 


where C is a constant depending on the geometry of the tube, the value of 
e/m for electrons, and the ratio of the electronic mean free path to the 
distance between cathode and anode.’ Equations (1) and .(2) determine 
uniquely the value of the current, which does not exceed a few micro- 
amperes. Were it not for ionization at higher vo tages, the current would 
continue to be determined by these equations, and the current voltage 
curve would extend along oaa’. 

(b) Stage ab. V,<V<V;. When the voltage exceeds the minimum 
radiating potential but is less than the minimum ionizing potential V;, 
ionization is possible by cumulative action; i.e., electrons may ionize at 
impact atoms which are already in an excited state as the direct or in- 
direct result of previous impacts.’ This ionization is important, not so 
much because of its direct contribution to the current as because the 
positive ions thus formed neutralize the negative space charge and permit 
the escape of additional electrons from the filament. Each positive helium 
ion thus liberates several hundred additional electrons between the time 
it is formed and the time it is neutralized at the cathode. The exact 
number depends on the relative mobilities of electrons and positive ions. 
The effect of ionization is thus magnified, and causes the current to exceed 
the value it would have in the absence of ionization, as is shown by the 
curve abb’. 

The nature of this curve may be indicated by the following analysis, 
which is a refinement of a less accurate treatment previously published." 

Consider an applied potential V, a little greater than V,, and let No, as 
given by Eq. (2), be the number of electrons that would escape per second 
from the filament if there were no ionization. These may make effective 
impacts only in a layer of gas near the anode, of thickness proportional 
to (V—V,)/V. Some of these collisions produce excited atoms and, if 
their number is not too great, we may say that the fraction of the atoms 
in this region which exist in an excited state is proportional to the number 


® Langmuir, Phys. Rev. 21, 419 (1923); 

Richardson and Bazzoni, Phil. Mag. 32, 426 (1916) 
10K. T. Compton, Phys. Rev. 20, 283 (1922); Phil. Mag. 45, 750 (1922) 
1K. T. Compton, Phys. Rev. 20, 283 (1922) 
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n of electrons traversing it. Call this fraction Pn, where P is the fraction 
which would exist in the excited state if the current were one electron per 
second. If N is the number of atoms in this layer, then the number of 
excited atoms is PNn. Some of these excited atoms will be ionized by 
another impact. Since this ‘onization is jointly proportional to the num- 
ber of excited atoms and to the number of impacting electrons, we can put 
this cumulative ionization equal to J.=APNn?, where the constant of 
proportionality A involves the probability of colliding within the region 
and of ionizing an excited atom at a collision. If each positive ion 
liberates M additional electrons from the filament, there are added to the 
current MI.=MAPWNn’ electrons. But some of these will also produce 
excited atoms and ionize them, and thus add still further to the current, 
etc. 

Starting with , original electrons, we have as a first approximation to 
the total number 


ny = no(1+kno) , where k = MAPN. 
As second and third approximations we have 
Ne=Notkn, and n3=no+kneo, etc. 


Proceeding thus,.and reducing, we find, in the limit, 


n=No(1+ kno t+2k2ne2+ Sk n° + 14k! not +42k ng + - 


which may be written 


n= = [1 ot 2. we (14+3k2m9?+21k mp? + - + - )| (3) 
1— kno (1—kno)* . : : 
This series is convergent for small values of kn» but rapidly approaches 
infinity if kn» becomes comparable with unity. Since we are dealing at 
present with very small values of kno, we may consider only the first part: 
of equation (3) as a close approximation. 

In the equation =no/(1—km») something can be said about the de- 
pendence of k upon the voltage V. In k= MAPN, we have P depending 
on the probability of excitation at impact, which is believed to be maxi- 
mum at V=V, and to decrease with increasing voltage. We shall prob- 
ably have something like the right type of relation if we put P<(V,/V)’, 
where s is some undetermined exponent. WJ is proportional to the thick- 
ness of the region in which excited atoms are formed, hence to 
(V—V,)/V. A is proportional to (V—V,)/V and also to the probability 
of ionization of excited atoms by impacts of energy V, which probably is 
nearly constant within the range involved since this range is several 
times higher than the critical energy required, about 5 volts. Thus 
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k=C(V—V,)?/V*** should represent crudely the way in which k depends 
upon V. We have, therefore, as a rough approximation 


to 
j=_ ——___—____,, (4) 
1—Ci(V—V,)2/Vet2 


where i= ne, 19 = Noe. 

Eq. (1), (2) and (4) uniquely determine the currents for values of V not 
greatly in excess of V,, and are experimentally found to show the right 
sort of relation between i and V in the region abd of the curve. 

If 79 is large or if the apparatus is so constructed as to make C large, the 
denominator of Eq. (4) may become zero, making the current infinite, 
at a value of V less than the minimum ionizing potential V;. This simply 
means that the current takes the saturation value determined by the 
temperature of the filament. But the external condition expressed by 
Eq. (1) may introduce complications discussed below in stage (e). 
Usually, however, the current is still small by the time the voltage has 
been increased to the ionizing potential V;, at which point another 
factor must be taken into account, as follows. 

(c) Stage bc; first region of instability. V>V;. When the voltage V ex- 
ceeds the ionizing potential V;, ionization of normal atoms by single 
impact as well as cumulative ionization may occur. The probabilities of 
these two types of ionization vary with the voltage in different ways so as 
to produce a condition of instability causing the voltage V to decrease 
discontinuously if the electromotive force E is increased above a certain 
point. 

The amount of cumulative ionization J, is proportional to the square 
of the total current 7, since the probabilities of excitation and of subse- 
quent ionization are both proportional to the current. These probabil- 
ities are also functions of voltage, F(V) and F’(V) respectively. . Thus we 
may put J.= CF(V)F’(V)7, where C is independent of V andi. Similarly 
the amount of ionization J, by direct impact is proportional to the current 
and to the probability f( V) of such ionization by an impact at voltage V. 
Thus Jg=Df(V)t, and the total ionization may be written 


I=Df(V)it+CF(V)F'(V)? . (5) 


The forms of these functions are not known accurately, but we know that 
F(V) decreases as V is increased above V,, F’(V) is about constant in this 
region, which is considerably above the critical value of about 5 volts, and 
f(V) increases as V is increased above V;. It is evident that J will increase 
as V increases up to a certain value of V, above which J and take their 
maximum values when V decreases to V,.. This may be shown thus: 
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Assume, as an approximation, F(V)=(V,/V)’; F’(V)=constant; 
f(V)=(V—-V;)/V. Then 


7 Pd. 4 o(“) > 6) 
= D— 1 Pr. ) 
V V 


Combining this with equation (1) to eliminate V, we find a relation be- 
tween J and 7 for any value of E. Furthermore, J and 7 must also be 


related by an equation 
i=ipnt+ MI , (7) 


as discussed in the preceding section. Combining equations (6) and (7), 
it is found that, for small values of EZ, there is only one possible value of 
current 7, and the voltage V exceeds V;. At higher values of E two 
possible solutions are found, one in which the voltage V exceeds V; and 
the other in which the current 7 is larger and V is but slightly in excess of 
V,. Presumably the solution with the larger current represents the stable 
condition, since it leads to the maximum dissipation of heat in the system. 
These results may easily be verified by graphical solution of the equations. 
The detailed analysis is not presented since the assumptions are not quan- 
titatively accurate; the important point to be noted is that any forms of 
the functions F, F’ and f which are consistent with our present knowledge 
lead to the general conclusion just stated. 

Thus we see that, as E is increased, i and V both increase beyond the 
point } until a certain stage is reached at which the voltage suddenly 
drops to a value close to the radiating potential V,, with a simultaneous 
increase in current. 

This analysis points out a reason for a discontinuity between 0 and c, 
but it does not show any cause for sustained oscillations. This is con- 
sistent with experimental observations to the effect that oscillations in 
the region of this discontinuity tend to vanish as care is taken to insure 
steadiness in the tube and circuits and to reduce inductance and capacity 
to a minimum. Under ideal conditions we believe this to be a point of 
discontinuity in the current-voltage relation, with no oscillations. A 
little inductance, however, causes oscillations to occur. 

(d) Stage cd. V constant at V,. As E is still further increased, the 
current rises with a practically constant voltage of 20 volts, or V,. This 
continues for a range depending’on the temperature of the filament. In 
one extreme case with a very hot filament the range cd involved an in- 
crease in current to 40,000 times its value at c. 

During the entire range oabcd the filament has been surrounded by a 
negative space charge. We believe this to be proven by the observations 
on the heating of the filament by bomba:dment, and by the manner in 
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which the spectral lines vary in intensity, as pointed out earlier in the 
paper. 

We can thus attribute all increase in current up to the point d on the 
curve as due to neutralization of negative space charge by positive ions, 


permitting the escape of more electrons. By this process the, space 
charge still remains negative so long as the potential supply of electrons 
is large, i.e., if the current is well below the saturation current determined 
by the temperature of the filament. As this is approached, however, not 
every incoming positive ion finds its corresponding number of electrons 
awaiting release, and the space charge becomes less negative until, at 
some value of the current, it changes sign to positive. We believe that 
the point d marks this change. 

(e) Stage de; oscillations about V,. As pointed out above, the sign of 
the space charge around the filament is positive in this region, which 
means that the filament is surrounded by a field tending to draw away 
electrons. There is nothing, therefore, to prevent the current from imme- 
diately attaining its saturation value. But no change can occur except 
along a line parallel to DE, determined by the series resistance. Thus the 
current and voltage tend to change as shown by the line dd’. But this | 
takes the voltage below V,, so that the current can only persist as long 
as there remains in the tube a sufficient number of excited atoms to 
permit the necessary ionization. When this number becomes insuff- 
cient the current diminishes and the voltage increases again to a value 
above V,, and the cycle is again repeated. 

Besides the apparent logical necessity for such an explanation of the 
oscillations, there are three considerations which support it. Such 
oscillations have been observed in mercury and helium, both of which may 
exist in metastable and excited states, but not in hydrogen or nitrogen, 
which do not. The period of the oscillations is of the order of a thou- 
sandth of a second, which is the order of magnitude of the life of the 
metastable atoms.” Also the minimum voltage attained during the 
oscillations was frequently found to be close to 5 volts, but never appre- 
ciably less. Since about 5 volts represents the minimum energy neeessary 
to ionize excited atoms, we again have support for the explanation offered 
above. 

(f{) Stage ef; saturation current. V>V,. The oscillations cease when 
the electromotive force E is so large that the external condition of equa- 


#2 Kannenstine, Astrophys. Jour. 55, 345 (1922). In this paper is noted an observa- 
tion of oscillations, apparently the first in the literature of the subject. The conditions 
of the experiment were, however, not such as to permit the cause or significance of these 
oscillations to be recognized. 
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tion (1) can be satisfied by the saturation current i, with a value of V 
greater than V,. Unless precautions are taken to maintain the filament 
at constant temperature, the current rapidly rises with increasing E 
owing to the increasing temperature caused by positive ion bombard- 
ment. With the Wheatstone’s bridge control of temperature mentioned 
above, this part of the curve was much more nearly horizontal, but not 
entirely so. This is probably due to the fact that the thermionic current 
from the filament disturbs slightly the balance of the bridge, behaving 
like a leakage. We did not attempt to compensate for this effect, which 
can be done.“ We are informed by Dr. Langmuir that the saturation 
current from a hot filament in this sort of discharge in an ionized gas is 
always found to be constant if the temperature is controlled by the more 
accurate means of an optical pyrometer. 

Special cases. Finally, it may be remarked that experimental condi- 
tions may be such as to suppress certain of the stages mentioned above, or 
to modify the action. 

If the series resistance R is sufficiently small, the slope of the line DE 
may be so increased as to cause the point c to fall above the point d, in 
which case the stage cd is not present. If R is so small that the discon- 
tinuous change from }’’ to ¢ is such as to cause the line b’’c to intersect 
the line ef, the voltage V at the break does not fall below V, and the 
oscillations, or interruptions, of the current do not occur. There is then 
a large discontinuous current increase—the phenomenon usually called 
the “‘striking of the arc.” 

If the tube is so constructed as to give a large value to the current as 
limited by space charge without ionization, then the “‘strike,”’ or break 
from a point on the curve abb”’ to a lower voltage and higher current may 
occur at some point between a and b, as shown by Eq. (4) when Zp is 
large. The particular stage to which the current passes depends, as 
before, on the value of the series resistance. A small filament, close 
spacing of electrodes and a pressure of 1 to 4 mm are favorable for such a 
transition. 


Finally the oscillations of stage de may set in at any lower part of the 
curve if the saturation current 7, is reduced and the series resistance high. 
In fact the point d at which they set in seems to be when the current 7 
reaches a value about equal to (2/3)i,, whatever is the value of 7,. This 
is an additional support of the explanation of the oscillations which we 
suggest, since it is what we should expect if the point d comes when the 
supply of electrons held in by space charge can no longer be regarded as 


18 Cooke and Richardson, Phil. Mag. 25, 624 (1913) 
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inexhaustible. In this way these oscillations may set in even below the 
point b’’ on the curve, although not without high series resistance since 
otherwise the slope of the transition curve b’’c would be so steep as to 
cause the current to reach the saturation value without a drop in voltage 
below V,. 

In conclusion the authors wish to express their appreciation to the 
Edison Lamp Works of the General Electric Company, for their support 
of this research by a fellowship and by furnishing some of the material 
used in constructing the apparatus. 


Note added July 14. Since writing the above paper we have discovered 
that, with very intense ionization, the arc may be maintained without 
oscillations at a voltage distinctly below the lowest critical potential of 
helium and mercury and far below it in argon. This we have proved to be 
due to the negative potential gradient from the anode to the boundary 
of the cathode drop. The cathode drop is never less than the critical 
potential of the gas. A preliminary note on these results has been sent to 
Nature and the complete report will be published in due course. 

PALMER PHysICAL LABORATORY, 


PRINCETON, NEW JERSEY. 
April 11, 1924. 
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THE METASTABLE STATE IN MERCURY VAPOR 
By HarRoL_p W. WEBB 


ABSTRACT 


Metastable state produced in mercury vapor at low pressures by electron 
impacts of 4.9 volts.—The persistence of the ‘‘radiation” produced by 4.9 volt 
impacts in mercury vapor was measured in a four electrode tube of the type 
usually employed in resonance potential measurements, consisting of an 
equipotential cathode of simple design, an inner grid G for controlling the velocity 
of the impacting electrons, an outer photo-electric grid H and a photo-electric 
plate P. A.c. and d.c. voltages were applied to the two grids in such a way 
that the electrons had sufficient velocity to excite the radiation only in alternate 
half-cycles and that-the photo-electric current to the electrometer alternated 
in direction simultaneously. As a result of the persistence of the radiation 
there resulted a decrease in the current with increasing frequency, reaching 
a minimum at 1800 cycles for a distance between grids of 17 mm and at 3800 
cycles for a distance of 8.5 mm. These results did not vary much with pressure, 
.003 to .032 mm. They show a lapse of time between the excitation and the 
arrival of the first radiation at the plate P of about 1/3600 and 1/7600 sec. re- 
spectively. A mathematical discussion shows that the diffusion of the radiation 
by repeated emission and re-absorption (the “imprisonment’’ of radiation 
theory) cannot account for these results. A calculation, based on the assump- 
tion that the excited atoms remain in a metastable state and carry the energy of 
excitation to the photo-electric surfaces and there give it up, gives results in 
very close agreement with the observations. The conclusion is that a metastable 
state is formed by the atoms excited by the 4.9 volt electron impacts and that 
these are the effective ones in producing the photo-electric response in the 
tubes. In these experiments the 2. state is the only one excited by the 
impacts in appreciable amount. How these results can be reconciled with the 
Bohr theory, according to which the 22 state is not metastable, is not clear. 


INTRODUCTION 


HE time + during which an electron displaced to an outer orbit of 


an atom, either by the absorption of a quantum of the corresponding 
wave-length or as the result of an electron impact,remains there, has been 
studied by many methods and has been the subject of much speculation.! 
A knowledge of this time of excitation is important in the study of the 
absorption by a gas or vapor of lines of the series converging at the orbit 
of the excitation, since such absorption depends upon the concentration 
of the partially ionized or “‘excited’”’ atoms in this state of excitation. 
The phenomena of low voltage arcs can apparently be explained only by 
cumulative excitation, that is by successive electron impacts or bythe 


1 Foote and Mohler, The Origin of Spectra, Chaps. IV, VI. 
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addition of electron impacts and the absorption of radiation, both of 
which require a long life for the radiation or the excited atoms in the mass 
of vapor.? The experiments with ‘‘impacts of the second type,” in which 
the energy of excitation of mercury atoms in the 29 state is transferred to 
atoms of other vapors also depends upon the concentration of the atoms 
in the 2p state and consequently on the time r.3 

The value of 7 for a, HB and Hy has been measured with considerable 
care by Wien‘ and Dempster,° who found values for the time constant of 
the radiation, which decayed exponentially, lying between 2 and 510-8 
sec. Attempts to measure directly the duration of the excited state 2p. 
in a mercury atom, produced by absorption of 1S—22 (A2536.7), by 
observing the spread of the fluorescent beam due to a transverse stream 
of mercury vapor, gave negative results, indicating a very short life for 
the excitation (10-* seconds or less). Indirect measurements of + have 
been made by observing the extinction of fluorescence by the addition of 
other gases, oxygen, helium, etc. The calculation of t was based on the 
assumption that each impact between an excited mercury atom and a 
foreign molecule resulted in the destruction of the radiation. From the 
probability of impact and the pressure of the foreign gas at which the 
fluorescence disappeared, a value of 7 lying between 10-’ and 10-° sec. was 
computed. Similar experiments on the rate of dissociation of hydrogen 
by the excited mercury vapor lead to the same result.’ In all of these 
experiments the effective radius of the atom is an unknown and funda- 
mental factor in the calculations. Experiments by Wood® with moving 
vapor excited to fluorescence, have shown that the emission of the 
fluorescent radiation begins 1/15000 to 1/40000 sec. after the excitation 
of the vapor, a phenomenon which is, however, probably associated with 
a more complex form of mercury than the atom. 

To explain the high concentration of excited atoms in the 22 state 
necessary for the action of the low voltage arc, K. T. Compton and others 
have assumed that the radiation suffers ‘‘imprisonment.’’® In this theory 
radiation follows excitation after a time 7, equal approximately to 10 sec. 
Absorption follows immediately, and by repeated absorption and re- 


2K. T. Compton, Phys. Rev. 20, 283 (1922) 

3 Klein and Rosseland, Zeit. f. Phys. 4, 46 (1921) 
Cario and Franck, Zeit. f. Phys. 17, 202 (1923) 

4W. Wien, Ann. der Phys. 66, 229 (1921) 

5 Dempster, Phys. Rev. 15, 138 (1920) 

® Stern and Vollmer, Phys. Zeit. 20, 183 (1919) 

7 Cario and Franck, Zeit. f. Phys. 11, 161 (1922) 

8 Wood, Proc. Roy. Soc. 99, 362 (1921) 

°K. T. Compton, I. c.? 
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emission the quantum of radiation diffuses through the vapor. The 
duration of the radiation in the vapor is therefore equal to mr where n is 
the average number of absorption and radiation processes experienced by 
each quantum. This “imprisonment” of radiation has also been assumed 
in the study of absorption and of impacts of the “‘second type.”’ 

Horton and Davies” have observed radiation excited in helium and 
hydrogen to pass through the vapor around a U-tube, and have also 
explained this by “imprisonment” of radiation, and its “‘diffusion” 
through the gas. On the other hand, recent experiments by Kannen- 
stine!! on the striking conditions of the low voltage arc in helium have 
shown a long persistence of the excited state in the atom and indicate 
that a metastable state 2s in the orthohelium series accounts for the per- 
sistence, which is of the order of several hundredths of a second. 

The experiments described in this paper were made to determine the 
life of the radiation in mercury vapor, excited by electron impacts 
rather than by fluorescent absorption. Sufficient voltage was used to 
displace the valence electron to the 22 orbit. By this method of excita- 
tion it was expected that some of the complications met with in the 
fluorescence experiments would be avoided. The use of a direct method of 
measuring the persistence of the radiation emerging from the vapor was 
devised to lessen the difficulties of interpretation. 


METHOD 


The mercury vapor was contained in a four-electrode tube, consisting 
of a hot cathode F, accelerating grid G, a photo-electric grid H and a 
photo-electric plate P, similar to the tubes used in the ordinary ionization 
and radiation potential measurements. The “excitation system,” 
F-G, and the detecting or ‘‘photo-electric system,’’ H-P, were separated 
electrically by suitable distributions of voltage. An alternating voltage — 
was impressed between F and G, so arranged that during the positive 
half-cycle the electrons were given velocities sufficient to give 4.86 volts 
(1S—2p2) excitation to the mercury atom, while during the negative 
half-cycle the applied voltage was below this resonance potential. This 
resulted in an intermittent excitation. Voltages of the same frequency 
were applied between P and H of the photo-electric system. 

The latter system was not unilateral but gave a current from the grid to 
the plate as well as from the plate. With small frequencies (60 cycles) 
all the radiation resulting from the electron impacts in a given half-cycle 
reached the photo-electric surface in the same half-cycle and consequently 


1° Horton and Davies, Phil. Mag. 42, 746 (1921); 46, 872 (1923) 
4 Kannenstine, Astrophys. J. 55, 345 (1922); Phys. Rev. 23, 108 (1924) 
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there was a photo-electric current from the plate only. As the frequency 
was increased, however, owing to the persistence of the radiation in 
the vapor, some of this radiation reached the photo-electric system 
in the following negative half-cycle and for higher frequencies was dis- 
tributed over many following half-cycles. Hence as the frequency in- 
creased the ‘‘positive” photo-electric current decreased and the “‘nega- 
tive” current increased, the resulting electrometer current consequently 
decreasing. At very high frequencies the electrometer current approached 
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Fig. 1. Tube I. Fig. 2. Electrical connections. 


a constant value. From the resulting curves the duration and the law 
of decay of the radiation produced at any instant by electron impacts, as 


measured by the part reaching the photo-electric surface, was de- 
termined. 


APPARATUS 


Two tubes were used in these tests. For convenience they will be 
referred to as tubes I and II. Tube I is shown in Fig. 1, the essential 
parts drawn to scale. 

The equipotential cathode F consisted of a heater, a strip of platinum 
2.5 X0.3 X .0025 cm, carrying a current of from 3 to 4 amperes, and an 
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equipotential sheath of platinum, .0025 cm thick, folded closely around 
the heater with a thin layer of mica between for insulation. Before 
mounting, the whole was pressed together to insure good thermal contact. 
This form of equipotential cathode gave little trouble as regards insula- 
tion or warping, was easy to construct and had good electrical efficiency. 


A coating of barium and strontium oxide was used. The emission was 
from .0001 to .001 amp. The grids G and H were of nickel gauze, 1.6 mm 
spacing, both being in the form of cylinders closed at the lower ends. 


Their dimensions were 1.3 cm diam. X5.0 cm length, and 3.0 cm diam. X 
15.0 cm length, respectively. The photo-electric cylinder P (3.8 cm 
diam. X10.0 cm length) was of polished nickel sheet supported on an in- 
sulating quartz tube through which the electrometer connection passed. 
Asmall quantity of liquid mercury was placed in the bottom of the tube. 

Tube II was similar to this except that all the essential dimensions 
of the electrodes except their length were doubled. Oxidized copper 
gauze was used in place of nickel. 

The temperature of each of the tubes was held constant by a surround- 
ing oil-bath, controlled thermostatically. The pumping system consisted 
of an oil and a mercury diffusion pump with MacLeod gauge. In all the 
tests described the tubes were pumped until the gauge indicated the 
pressure of the residual gas to be .0001 mm or less. The pumping was 
continued throughout the tests. The photo-electric currents were 
measured on a Dolazalek electrometer (sensitivity 1500 mm per volt) 
shunted by adjustable capacities. 

Dry batteries were used to give the d.c. potentials to the various 
electrodes. The sources of a.c. were the 60 cycle lighting circuit and a 
vacuum tube oscillator (output 5 watts). The a.c. potentials (Fig. 2) 
were applied to the experimental tube by a circuit coupled alternately to 
these two sources and containing a non-inductive potentiometer resist- 
ance from which the desired voltages were taken, a hot-wire meter and 
a rheostat for adjusting the current. The potentiometer resistances were 
very small compared with the impedances between the corresponding 
parts of the experimental tube. For high frequencies fine straight wires 
were used for which the high and low frequency resistances were practi- 
cally equal, and the circuit was tuned by a variable condenser. Con- 
densers were used as filters to eliminate high frequency components in 
many of the tests. By-pass condensers were placed in parallel with the 
dry batteries used in the circuits. 

The frequencies were measured with a wave-meter or by comparison 
with known sound frequencies. 
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EXPERIMENTAL RESULTS 


D.c. characteristics. For each tube a careful study was made of the d.c. 
characteristics of both the excitation and the photo-electric systems. Figs. 
3(a) and 3(b) show the electrometer current as a function of the voltage 
G —F for tubes I and II, respectively. In these tests the following voltages 
were used, P=0, 7 =3, F=2} and G variable. The points of interest are 
a small threshold current, due to leakage or the light from the filament, a 


° 


40 45 
GF: volts. 


Fig. 3. Electrometer current as function of voltage for tubes I and II. 
Fig. 4. D.c. characteristics of the photo-electric system. 


small break at 4.7 volts and a marked break at 4.9 volts." (A correction 


of a few tenths of a volt is usually necessary on these curves.) Other 


breaks at higher voltages were observed but are not here recorded. 
A typical curve of the d.c. characteristics of.the photo-electric system is 
shown in Fig.4. The voltages G—F and G—H were here held constant 


% Franck and Einsporn, Zeit. f. Phys. 2, 18 (1920) 
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and that of H varied with respect to P. The electrometer current is plotted 
against the voltage of H. This 1everses with reverse of voltage owing to 
the photo-electrons freed by 7, and shows saturation for both negative and 
positive voltages. The ratio of these saturation currents is an important 


factor in the measurements and is designated in this paper by S. Owing 
to changes in the condition of the surfaces this ratio was subject to rapid 
variations and frequent redeterminations of its value were necessary. 
Its value varied between 0.1 and 1.8, depending upon the geometry and 
condition of the surfaces. 

Measurements with a.c. To simplify the conditions of excitation the 
measurements were made with a d.c. potential difference between G and 
F equal to that of the ‘4.9 volt’”’ break. This potential was chosen so 
that an a.c. voltage with a peak value of from 0.3 to 0.6 volts would give 
negligible excitation in the negative half-cycle and excitation in the 
positive half-cycle beginning immediately with change in sign of the 
voltage. The form of the excitation curve in the positive half-cycle as 
computed from the d.c. excitation characteristics was approximately the 
same as the positive half of the sine curve, so this approximation was 
used in computation. As in the d.c. measurements the voltage between 
F and P was made sufficiently large to prevent the electrons from F 
reaching P. Positive ions from F were kept back by the positive voltage 
on G except when this was less than 2 volts.above F when large positive 
currents were observed. The a.c. voltages on the photo-electric system 
were varied from 1.5 to 3.0 volts and were either in phase with the a.c. of 
the excitation system or 180° out of phase. The impedances of the circuits 
involved were such that these phases were not affected more than a few 
tenths of a degree by the capacity in the tube. 

In all the measurements with variable frequency 60 cycles was taken 
as the reference frequency as it gave the same results as zero frequency, 
since no measurable radiation reached the photo-electric system in the 
negative half-cycle. To insure that the amount of excitation was the 
same at each of the high frequencies as at 60 cycles the currents in the 
potentiometer were always adjusted to the same value. A further test, 
made frequently during a determination, consisted in putting a constant 
potential between H and P and applying a.c. to the excitation system 
only. The electrometer current was found to be the same within errors 
of measurement for all frequencies even up to one million cycles, except 
in certain cases when fluctuations due to high frequency surges or leakage 
of positive ions occurred. In every such case conditions were varied until 
the above test indicated proper functioning of the apparatus. 
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A further fundamental test of the behavior of the system with varying 
frequency was made at frequent intervals. The voltage G—F was held 
constant and a.c. applied only to the photo-electric system. The same 
current was obtained with 60 cycles as with higher frequencies, even up 
to one million cycles. In making this last test it was found necessary 
to so alter the connections that the difference of potential between //7 and 
G was constant throughout the a.c. cycle. Otherwise the excitation during 
the positive half-cycle was larger (in some cases 20 percent) than during 
the negative, owing to the smaller counter field between 7 and G during 
the positive half-cycle. With 60 cycles this gave more radiation in the 
positive half-cycle, while with higher frequencies, owing to the persistence, 
the radiation reaching the photo-electric plate in each half-cycle was 
more nearly equal. The resulting difference in the electrometer current 
could be readily measured. 


FE 
Zz 
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«lo? 
Figs. 5 and 6. Typical a.c. curves; ratios of higher frequency current to 60 cycle current 
as a function of frequency. 

Results. Figs.5(a),5(b),and 6 show typical a.c. curves obtained with the 
two tubes. The abscissas are frequencies, and the ordinates the ratios 
of the electrometer currents when these frequencies were applied to 
G and I to the current with 60 cycles. The curves in Fig. 5 were obtained 
with tube I, with the following voltages: d.c., WH =P=0, F=3.1, G=7.8; 
a.c., /1=3.0, G=0.6, phase difference, 180°. Curves (a) and (b) were 
obtained with the tubes at 36°C and 27°C, respectively, corresponding 





THE METASTABLE STATE IN MERCURY VAPOR 121 


to pressures .006 and .003 mm. The respective values of S were 1/.85 


and 1/.60. The part of curve (a) corresponding to frequencies 10,000 to 
60,000 is plotted to a smaller scale in the lower right-hand corner of the 
figure. 

Fig. 6 was obtained with tube II under the following conditions: d.c. 
voltages, H=P=0, F=6.2, G=11.0; a.c. voltages H=3.3, G=0.4, in 
phase; temperature 35°C; pressure .006 mm; S=0.48. The observed 
points are marked with circles on these curves. The dotted portion in 
Fig. 6 is the estimated extrapolation of the curve for the higher frequen- 
cies for which measurements were unfortunately not taken, and is based 
upon the value for high frequencies, computed from S, and the general 
form of the curves obtained with tube I. 


DISCUSSION 


Three important characteristics are noted in these curves. 5(a) 
and 6 were taken with two similar tubes the principal dimensions of 
which were in the ratio of 1 to 2. If the abscissas of curve 5(a) are reduced 
by one-half and the ordinates reduced to the same value of S, the two 
curves become identical within experimental error, showing proportion- 
ality to the dimensions. The second point is the minimum in Fig. 5 
occurring at 4000 cycles, after which the curve rises to a maximum and 
then drops again to the calculated limiting value (1—S$)/2. This mini- 
mum was due to a lapse of time between the excitation and the arrival 
of the first radiation at P. The third point of interest in the curves is 
their independence of the vapor pressure. Curves (a) and (b), Fig. 5, 
show the effect of a four-fold change of pressure. Reduced to the same 
value of S these curves are practically identical. Other tests over a wide 
range of vapor pressures (25°—70°; .003 mm to .032 mm) under many 
different conditions resulted in only small changes in the curves. 

The interpretation of these curves is somewhat difficult owing to the 
fact that the electrometer current is the sum of both positive and negative 
currents. If the energy resulting from the excitation in a certain positive 
half-cycle of frequency » which reaches the photo-electric system during 
the same half-cycle be U;, that during the following negative half-cycle 
be V,, and that during the subsequent half-cycles be U2, V2, U3, etc., 
we have n(2U+2V)=K, a constant, since the total radiation produced 
per second is independent of the frequency. The electrometer current is, 
to a close approximation, proportional to n(2U—SZV), if the voltages 
on G and H are in phase. If out of phase by 180° the reciprocal of S 
is used in these calculations. For 60 cycles no measureable persistence 
existed; V;= U2= V2=*+*=0, and the electrometer current was pro- 
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portional to K. The ordinates of the above curves are then equal to 
n(LU—SZV)/n(ZU+=zV). The limiting value of this ratio for high 
frequencies is (1—S)/2, since SU=<V in the limit. 

Imprisonment theory, The persistence of the radiation in the vapor 
may be explained either by the formation of a metastable state or by the 
“imprisonment of radiation,” in which latter process the radiation is 
handed on from atom to atom by repeated absorption and re-emission. 
The results to be expected on the imprisonment theory were calculated as 
follows. Assuming that the radiation ‘‘diffuses’”’ in a cylindrical mass of 
vapor of radius R, passing from atom to atom without any preferred 
direction, we have the following differential equation for E, the density 
of the radiation; 

(@E 10E -) 
Or? r Or Az? 
The constant a? depends upon the absorptive properties of the vapor for 
the radiation in question, and ¢, r and z have the usual meanings. No 
account is here taken of the dissipative absorption, since the data on 
absorption are not available and these computations are made only to 
determine limiting values. The solution of the equation, if we assume 
for a first approximation that the problem is independent of z, is 


E= TA me mt] o(mr) , (1) 


where yu» is a root of the equation Jo (uR) =0, since the density of radia- 
tion is zero at the surface of the cylinder, if we neglect reflection. The 
distribution of the electron impacts producing radiation may be closely 
represented in space and time for one half-cycle by f(r) F(t), where f(r) is 
zero for all values of r except in the region of the inner grid, where it may 
be assumed constant and equal to unity, and, approximately, F(t) = 
sin2rnt from t=0 to t=1/2n, and is zero for all other values of ¢, n 
being the frequency. We have f(r)= 2A mJo(umr). For t=0 to t=1/2n, 


t 
E = f f()F()e-ns'dr 
: = LA mJ o(umr) [u2ma? sin2xnt—2rn cos2xnt+2 n e-*'m*)/B 


and for later times 
E= ZA mJ o(umr) [2rn(1+ e7#*m*/2")) / B) e~#? ma" 


where B= y',,a'+47°n?. 

The rate of transmission of the radiation to the walls is given by 
—a@dE/dr for r=R. Multiplying by yuan to reduce to equal rate of 
production of radiation, integrating the electrometer current separately 
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over each half-cycle and combining the terms, we find for the electrometer 


current, using S as above, 





C= TA mJ 1(UmR) bm oS / 
im! at+4r?n? 

This series converges very slowly and it is not easy to compute the 
value of C for each frequency. For estimating a maximum value of a? 
we can take the first term only. The value of u;’a?, which best fits the 
curve in Fig. 6 (tube II) is 4000 sec. Now uw: =2.4/R, giving a? = 10000 
for R=3.8 cm. Assuming the radiation to diffuse in a manner similar 
to the atoms in a gas, we have a?=)c/3 where ) is the ‘‘mean free path” 
of the radiation between atoms and c is its mean “‘velocity.’’ The actual 
time of passage of the radiation between atoms is negligible, but the 
length of each absorption and radiation process is r. Hence a?=)?*/3r. 
If r be 210-8 sec. we find A\=0.2 mm, or, if we take R=2(3.8)cm to 
allow for the approximations made in regard to the z coordinate and 
reflection at the walls, \=0.4 mm. This is its maximum possible value on 
the imprisonment theory. Since the later terms in the series are large the 
actual value is probably much smaller. If \ is inversely proportional to 
the vapor pressure, as we might expect by analogy with the free path of 
atoms in gases, the exponents a’y? in the above expressions will change 
inversely as the square of the pressure, and we should expect the corre- 
sponding times to be proportional to this square. Again since in Eq. (1) 
u Varies inversely as R, the exponential terms y’a*t require, for two tubes 
geometrically similar, the corresponding times to be proportional to the 
square of the dimensions. Neither of these relations was observed, as 
already pointed out. 

Metastable state. These considerations and studies made of the distri- 
bution of the radiation produced in a mass of mercury vapor by electron 
impacts, lead to the conclusion that the persistence of the excited states 
involved in these experiments is the result of the formation of metastable 
states. The diffusion of radiation throughout the apparatus must 
therefore depend largely upon the diffusion of the excited atams. The 
curves show that the time between the excitation and the arrival of the 
radiation at the photo-electric surfaces was proportional to the first power 
of the dimensions and was of the same order of magnitude as the time 
required by an atom having the mean velocity corresponding to the 
temperature of the vapor to pass across to the photo-electric system. In 
the case of tube II discussed above, the radius was 3.8 cm and the mean 
velocity of the mercury atoms was 2X10‘ cm/sec., so that the average 
time of transit of a metastable excited atom to the walls would have 
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been of the order cf 1/5000 sec. The value of the exponential constant 
found assuming the radiation in the vapor to decay exponentially was 
4000, giving the time constant as 1/4000 sec. which agrees well with the 
above average time. 

The following calculation was therefore made, applying to tubes I and 
II. It was assumed that the ‘‘radiation’”’ was carried to the photo-electric 
system by the excited atoms and given up either by impact on the 
surfaces or when very close to them. The shortest distance from the 
region of excitation, which was close to the inner grid G, was along the 
radius, approximately equal to two-thirds the radius of the cylinder P. 
This distance we shall call D. If all the excited atoms followed this path 
without impact the photo-electric action resulting from the electron 
- excitation Jdr, produced in any interval dr at time 7, would be given by 
the expression 


Gle~*"™ (t-r)2 [1 /(t — t)‘|dr, 


where G is a constant and h and m are the constants of kinetic theory. 
This takes into account only the velocity distribution and the path. 
By a graphical integration the photo-electric excitation resulting from the 
excitation produced in one whole positive half-cycle was determined as a 
function of the time, and from this the electrometer current resulting 
from the alternating voltage on H was determined for the frequency range 


involved in the experiments. 

Since all directions of motion are possible for the excited atoms it is 
necessary to consider also those taking the longer paths to the photo- 
electric system. Assuming no impacts to occur the probable distribution 
of the atoms among the possible paths, which varied in length between 
D and 5D, was computed, allowing for the shadowing of the inner grid, 
etc. The above calculation was again made taking into account all these 
paths and the relative number following each. Using two-thirds the 
radius of P as the value of D, 1.3 cm for tube I, the values marked by 
crosses on Fig. 5 (a) were obtained, which agree roughly with the experi- 
mental curve. The effect of impacts by the excited atoms was also calcu- 
lated on the assumption that impacts result in dissipation or in radiation 
which does not reach the photo-electric surfaces. Using the free path 
as for the unexcited atom for vapor at 30° the values marked by solid 
circles were found. For the higher temperature actually used to obtain 
curve (a) the values computed depart a little further from the curve in a 
manner indicated by these two sets of points. 

A better agreement for the pressure .006 mm, corresponding to the 
temperature 35° at which the curve in Fig. 5(a) was taken, is obtained 
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if we assume that impacts do not result in dissipation of the excitation 
but that the atom continues in the excited state. The mean free path 
was 0.45 cm, roughly D/2. A series of rough approximations gave the 
distribution of the excited atoms after each impact assuming that each 
traversed the full mean free path between impacts. The error in this 
calculation is large but the results are sufficiently close for our purposes. 
The distances traveled by the different atoms before reaching the walls 
was then found. The curve computed for this distribution of paths is 
marked by squares on the figure, and shows that this assumption fits 
the observations as well as can be expected. This same curve has been 
plotted on Fig. 6, also marked by squares, by taking the dimensions of 
tube II and the value of S used and recomputing without taking into 
account the fact that the free path was there D/4. This has been done to 
show the similarity of the two curves and the proportionality of the times 
involved to the dimensions. 

The approximate nature of the above computations and the uncer- 
tainty of the exact conditions obtaining as well as the probability that 
other processes are involved makes it uncertain as to how far we may go 
in drawing conclusions from the rather remarkable agreement between the 
computed and observed curves. The dimensions of the tube are not 
known to better than 15 per cent, and the pressures are probably not 
as large as calculated from the temperatures, owing to the condensation 
in the neck of the tube and the high temperature in the neighborhood of 
the filament. A number of other possible factors suggest themselves, such 
as the transfer of the excitation at impact, radiation and reabsorption, 
selective as regards the velocity of the absorber, high dissipative ab- 
sorption, and a probable difference in the sensitivity of different parts 
of the photo-electric surfaces. The agreement between the calculated 
and observed curves is, however, significant in two respects. The close 
agreement in the first part of the curve on the positive side of the axis 
shows quite conclusively that the velocity of the atoms is the determining 
factor in the rate of travel of the excitation energy and leads to the con- 
clusion that we are dealing here with a metastable state of rather long life. 
The agreement of the calculated curves with the observed as regards their 
form, both showing a minimum at about 4000 cycles and a maximum at 
about 20,000 cycles, and both coming to the same final value at about 
50,000 cycles bears out the same conclusion. 

The outstanding difficulty in the interpretation of these results is the 
apparent lack of dependence on the vapor pressure. Assuming that the 
true pressures are as given by the temperatures the curves should show 
more difference than was observed as the pressure was varied. This 
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might be explained on the assumption that the excitation energy is 
transferred from atom to atom on impact, the probability of such a 
transfer depending upon the directness of the impact, being greatest for 
head-on collisions. This would result in an added persistence of velocity 
at impact and would diminish the effect of impacts on the total paths and 
the time required for the excited atoms to reach the photo-electric system. 
Other assumptions suggest themselves but the results do not differentiate 
between them sufficiently to justify further discussion. 

In these experiments we have to deal with the result of exciting atoms 
in the 22 state with a negligible number of atoms excited initially in the 
2p; state. The 2p; state (5.4 volts) was not present. The resonance 
potential curves (Fig. 3, a, b.) show some 2); excitation but the amount 
is small compared with the amount of the 2/2 excitation. Furthermore 
H. Sponer® has shown that the amount of 2p; excitation decreases rapidly 
as the voltage increases above 4.9 volts. This is further borne out by the 
fact that the ‘‘radiation”’ studied was practically homogeneous as regards 
life. The frequency-current curves do not indicate the presence of two 
types of radiation of markedly different persistence, and certainly no 
measurable quantity of excitation resulting in immediate photo-electric 
action. 

The Bohr theory, however, indicates that the metastable state observed 
is not the 22 state since on this theory only the 2; and 2; states should 
be metastable, the transitions 1S—2, and 1S—2); not being observed 
spectroscopically. The 22 state would not be expected to have a very 
different degree of stability from that observed for hydrogen and other 
atoms, 10-7 to 10-* seconds. On this theory these results would be 
interpreted as due to atoms originally excited in the 22 state and 
changing, at least in part, to the 2p; state, in which state they carry the 
energy across to the photo-electric surfaces, no measurable number of the 
atoms in the 22 state being effective. There is, however, some ground 
for looking also for a metastable 22 state, although the evidence is 
meager. The work of Kurth" and others and experiments made here 
show that excited vapor absorbs and scatters the lines 2p2 -md to the 
same degree as the lines 2p; -md and 2p; -md. If the primary excitation 
of atoms is principally in the 22 state and the other states result from 
this, possibly as the result of atomic impacts, we must assume the average 
life of the 22 state in the vapor to be of the same order of magnitude as 
that of the 2; state, unless the transformation from the first of these 
states to the second occurs for only a very small fraction of the atoms. 


13H. Sponer, Zeit. f. Phys. 7, 185 (1921) 
“ Kurth, Phys. Rev. 22, 202 (1923) 
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If the 2p2 state be not also metastable we must assume the process of 
imprisonment to be effective in order to account for this life. This would 
result in the present experiments in a somewhat different relation for the 
rate of arrival of the carriers of the excitation at the photo-electric surface 
and should further show the effect of the change in the life of the 2p. 
state with pressure. The evidence is, however, not complete enough to 
more than suggest the possibility of all three of the 2 states being 
metastable under certain conditions. . 

The above calculations are inconclusive as regards the cause of the 
breaking down of the metastable state and the production of the photo- 
electric action. This breaking down may be (a) spontaneous, (b) due to 
atomic impacts, or (c) to impacts on the solid walls, etc. For large 
absorption of radiation only those atoms producing radiation when very 
near the surface would be effective, so that the results can not differen- 
tiate between these possibilities. For smaller absorption the relations are 
complicated and cannot be readily calculated. It seems probable, how- 
ever, that impact on the walls accounts for the transformation into photo- 
electric energy.” 

Although in these experiments the process involved in the imprison- 
ment theory plays only a small part, it undoubtedly plays some part in 
the transfer of energy. This is indicated by the results obtained in a study 


of the mercury arc made in this laboratory, the details of which will be 
published later. Mercury vapor contained in a quartz cell was excited 


by the radiation from a separate mercury arc, which was operated inter- 
mittently by a commutator. The direct radiation from the arc was 
tested and found to die out very rapidly. When the cell was interposed 
between the arc and the spectrograph, the timing device showed that the 
radiation of wave-length 2536.7 coming from the cell persisted a con- 
siderable time after the extinction of the arc, the rate of decay being given 
roughly by the fact that the intensity of this persistent radiation fell to 
half value in the time required for an atom having the mean velocity 
corresponding to the temperature of the cell to traverse one half the 
length of-the cell, a correspondence between atomic velocities and rate 
of transmission of the radiation which is again very striking. The 
experiment was made with two cells of different length with similar 
results. If we consider the mercury in the cell as forming an outer layer 
surrounding the arc, it is seen that in this case the transfer of radiant 
energy involved the process of emission and re-absorption, since con- 
vection was impossible between the two parts of the apparatus. We must 


% Schottky, Phys. Zeit. 24, 350 (1923) 
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therefore consider the part played by the imprisonment process in a 
complete explanation of these phenomena. 

In conclusion the author wishes to express his thanks to Miss L. J. 
Hayner and Mr. Francis G. Slack for their assistance in making these 


measurements. 
PHOENIX PHysICAL LABORATORY, 
COLUMBIA UNIVERSITY. 
March 10, 1924, 





ABSORPTION LINES OF THE METALLIC SPARK 


THE ABSORPTION LINES IN THE SPECTRUM OF THE 
METALLIC SPARK IN WATER 


By E. O. HuLBuRT 


ABSTRACT 


Absorption spectra of twenty elements, 4500 to 2000 A, obtained with 
condensed spark in water.—These spectra, seven of which are reproduced, 
consist of a continuous background crossed by bright and dark lines charac- 
teristic of the metal. For Al, Bi, Cd, Au, Ir, Pb, Mg, Pt, Rd, Ag, Sn and Zn, 
the absorption lines are those which are reversed in the arc. For Sb, Co, Cr, 
Cu, Fe, Mo, Ni and W, the water spark shows as absorption lines all the 
lines reversed in the arc and in addition about four hundred absorption lines, 
in all, which are not listed as reversed in the arc. Some of these are mentioned. 


INTRODUCTION 


XPERIMENTS by Hale,' Bloch? and others* have shown that the 

spectrum of the condensed spark under water between metallic 
electrodes exhibits a continuous spectrum crossed by bright and dark 
lines characteristic of the metal. Although many metals have been con- 
sidered in these investigations throughout various regions of the spectrum, 
no complete record of the absorption lines has been reported and in only a 
few instances have the observations been extended below 2500 A. It 
appeared of interest, therefore, to investigate these spectral phenomena 
more extensively. The earlier experimenters found that in many cases 
the number of lines which appeared as absorption lines depended upon the 
type of electrical excitation and perhaps upon such circumstances as the 


size of the electrodes, the depth of the spark in the water, the purity of the 


water, the temperature, etc. They found further that many kinds of 
absorption lines occurred, the different lines being intense, weak, narrow, 
broad, asymmetric, bright on one edge, displaced, etc., and that the 
character of the absorption line sometimes varied with the circumstances 
of the experiment. 

Examination of these details has not been attempted in the present 
investigation. Attention has been directed to the presence or absence of 
an absorption line rather than to its behavior and character. Spectra 
were photographed throughout the region 4500 to 2000 A of the con- 

1 Hale, Publications of the Yerkes Observatory, 3, Part 2 (1907) 


2 Bloch, Journ. de Phys., 3, 309 (1922) 
3See Baly, Spectroscopy, p. 413 (1912) 
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densed spark under water between electrodes of twenty different metallic 
elements. Guided by preliminary experiments, conditions of electrical 
excitation were chosen to bring out as many absorption lines as possible. 
In the main the purpose of this paper has been to present experimental 
results and to leave possible discussion of their bearing upon spectral 
series to others. 


EXPERIMENTAL DETAILS 


The arrangement of apparatus is indicated in Fig. 1. The condenser C 
of capacity 0.01 microfarad was charged by the 25 kv, 1 kw, trans- 
former 7, and discharged through the quenched gap Q and the water 
spark S. S was placed in a jar of distilled water, at all times about four 
centimeters below the surface of the water. The electrodes of S, which 
were usually about a millimeter apart, could be approached to each other 


L 
, A 1 
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Fig. 1. Diagram of apparatus. 























by a screw adjustment as they splintered away during the passage of the 
spark. In case very rapid disintegration of the electrodes occurred the 
water was changed continually. The quenched gap served to ensure an 
abrupt discharge. The current through the spark was between 5 and 10 
amp. as measured by a hot wire ammeter, and was oscillatory, heavily 
damped, of a frequency about 10°. The light from the spark S passed 
upward across the surface of the water, was directed by the quartz 
prism P through the quartz lens L, and came to a focus on the slit F of 
the spectrograph. A grating spectrograph of dispersion 8.8 A per mm 
served for the region from 4500 to 2400 A and a small quartz spectro- 
graph for the region from 2400 to 1850 A. The water spark spectra 
usually extended nearly to 2000 A but rarely below this. The times of 
exposure were from 2 to 15 minutes. Seed plates, L Ortho, were used for 
the photography of the longer wave-length region and Schumann plates 
for the shorter wave-length region. On the same plate with each water 
spark spectrum an air spark spectrum was taken for comparison. Wave- 
lengths are from Kayser’s Handbook and from the later tables of Watts. 

The condensed spark under water takes place with explosive violence, 
the light being brilliant and the sound intense. Upon the passage of the 
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spark, vapor of the metal is thrown off, probably in an excited or partially 
excited condition. It is this envelope of metallic vapor which produces 
the line absorption in the continuous spectrum from the core of the spark. 
On all the spectrograms there appeared a group of fine absorption lines 
near 3100 A which is attributed to water vapor.‘ This group may be seen 
superimposed on the doublet 17—26 of the aluminum spectrogram of 
Plate I. 


GENERAL CONCLUSIONS 


The following statements may be made for the spectral region 4500 to 
about 2000 A and for the conditions of the present experiments: 

(1) The absorption lines which appeared in the water spark spectra of 
the metals Al, Bi, Cd, Au, Ir, Pb, Mg, Pt, Rd, Ag, Sn, and Zn were those 
which were reversed in the arc, no more and noless. The identification of 
about one hundred and fifty lines contributed to this conclusion. 

(2) For the metals Sb, Co, Cr, Cu, Fe, Mo, Ni and W all the lines re- 
versed in the arc appeared as absorption lines in the water spark spectra. 
This conclusion resulted from the identification of over two hundred lines. 
In addition, the water spark spectra of these metals exhibited altogether 
more than four hundred absorption lines which were not listed as re- 
versed in the arc. The actual numbers were: Sb, 7; Cu, 8; Mo, 3; W, 6; 
and Co, Cr, Fe, and Ni more than 100 each. 

There were a few doubtful instances where it was uncertain whether a 
line which was reversed in the arc, actually appeared as an absorption 
line in the water spark. These instances, about twenty in number, 
occurred when the line was of low intensity, or was over-shadowed by a 
neighboring stronger line, or was one of a complex group of lines. 


FURTHER DETAILS 


Aluminum. In the aluminum spectrogram of Plate I the first four 
members of the 17—mé diffuse doublet series® and the first two members 
of the 1s— mo sharp doublet series were brought out as absorption lines 
in very pretty fashion. 

Antimony. The water spark reversals included the arc reversals 
throughout the range of observation which extended to 2070 A. In 
addition there were seven water spark absorption lines which were not 
reversed in the arc, namely, 2224.98, 2220.80, 2207.7, 2145.03, 2141.8, 
2139.76, and 2127.55. This last line is reversed in the spark but not in the 
are. 


* Konen, Ann. der Phys. 9, 779 (1902) 
5 Fowler’s notation. 








132 E. O. HULBURT 








































Cobalt, chromium, iron and nickel. The water spark spectra of these 
a metals were extremely complex, possessing many emission and absorption 
lines. As has been said, besides showing as absorption lines all the arc 
reversals the water spark spectra of these metals exhibited hundreds of 


other absorption lines. These were especially numerous in the extreme 


ultraviolet. Spectrograms with higher dispersion would be necessary 
to obtain more exact data. The chromium triplets 4289.98, 4274.95, 
4254.50 and 3605.48, 3593.63, 3578.81 were strongly reversed. Some of 
the absorpticn grours of cobalt and nickel are given in Plate I. 

Copter. The important pair of lines 3274.08 and 3247.66 appeared 
prominently reversed in the water spark. All the water spark absorption 
lines, including the line 2104.73, were arc reversals with the exception of 
the eight ultraviolet lines 2135.92, 2130.87, 2125.97, 2122.91, 2112.02, 
2054.92, 2043.74, and 2037.06. These were not reversed in the arc. 
Some of these lines may be seen in the copper spectrogram of Plate I. 
This spectrogram was chosen because it was more suitable for reproduc- 
tion than a number of others which extended farther into the ultraviolet. 

Lead. The water spark absorption lines matched the arc reversals 
throughout the region of observation, which extended to 2190 A. Gro- 
trian® has observed about fifteen absorption lines in a continuous spec- 
trum passed through lead vapor heated above 1200°C. All of these lines 
were included in the water spark reversals. 

Magnesium. The water spark and arc reversals were in agreement. 
The magnesium spectrogram of Plate I illustrates various types of 
absorption lines. In the upper portion, which is of the water spark, the 
quintette group around 2780 is strikingly reversed. The two lines 2802.80 
and 2795.62 of the quadruplet are strongly absorbed and overshadow their 
weaker neighbors 2798.17 and 2790.99 to such an extent that the reversals 
of these are seen with difficulty. The 1S—1P line, 2852.29, is very 
diffusely reversed. The lower portion of the spectrogram gives for com- 
parison the condensed magnesium spark in air. 

McLennan’ found absorption in magnesium vapor at 2852.22 and 
2026.46. The first of these lines is reversed in both the arc and water 

’ spark and the second in neither. The 1S—1¢ line 4571.24 is of interest. 
McLennan did not observe its absorption in magnesium vapor whereas 
Barratt® did very readily. This line is not reversed in the arc or water 
spark. 






6 Grotrian, Zeit. f. Phys. 18, 169 (1923) 
7 McLennan, Roy. Soc. Proc. A 92, 574 (1916) 
8 Barratt, Roy. Soc. Proc. A 105, 221 (1924) 
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Molybdenum. The seven arc reversals listed by Kayser are included in 


the water spark reversals as well as three more lines, 3253.89, 2816.22, and 
2775.74. The spectrogram of Plate I shows the character of the moly- 
denum water spark spectrum. 

Tungsten. There are no arc reversals reported by Kayser for tungsten. 
In the water spark we find six lines appearing as absorption lines, namely, 
(2947.50, 2947.10), 2944.50, 2896.56, (2879.51, 2879.21), 2852.21 and 
2830.24. The first and fourth of these lines are doublets and it was not 
possible to say whether the absorption line referred to one member or to 
both. 


CONCLUDING REMARKS 


It seems that all the investigations of water spark spectra, including the 
present one, have been concerned primarily with accumulating data for a 
large number of metals. These data are often conflicting, which is no 
doubt to be ascribed to differing experimental conditions. In only one 
instance has a thorough consideration of a single metal been attempted. 
Hale! has dealt with iron under a great variety of circumstances and 
found important changes in the character of the water spark spectrum 
with experimental conditions. It might not be fruitless to study other 
metals as he has done The difference in the water spark spectra from a 
high potential source, as a Tesla coil, and from a relatively low 
potential transformer, as used in the present work, might be examined. 
Those lines which appear as emission and those which disappear 
altogether in the water spark perhaps deserve as much scrutiny as the 
absorption lines. 


UNIVERSITY OF Iowa, 
April 5, 1924 
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ANALYSIS OF RESONANCE CURVES OBSERVED IN 
POTASSIUM VAPOR 


By R. C. WILLIAMSON 


ABSTRACT 


Resonance curves observed for potassium vapor in three electrode tube.— 
A previous discovery of thermionic emission from copper at temperatures 
above 150°C in the presence of potassium vapor, made it possible to secure 
resonance curves under simplified conditions, with plane parallel electrodes 
and an equipotential source of electroms with low thermal energies. The 
curves obtained show up to nine peaks, proving the presence of electrons 
that had made at least eight resonance collisions. Resonance potential for 
potassium, obtained from the positions of the maxima and minima of the 
curves, comes out 1.63 volts, within 2 per cent of the value 1.608 from spectral 
series. An attempt is made to account for the shape of the curves, assuming 
the chance of resonance collision independent of the velocity and taking 
account of the transverse components of velocity resulting from non-resonance 
collisions, by means of an arbitrary function. This theoretical analysis of the 
curves gives values of the ratio of the chance of a resonance collision to the 
kinetic theory chance of collision (calculated from data for argon), of about 
10, which indicates that the assumed kinetic theory mean free path is too 
large and also that the probability of resonance occurring upon collision is 
high. 


I. INTRODUCTION 


HILE carrying on a preliminary investigation of the photo-electric 
effect in potassium vapor it was found that the copper electrodes of 
the tube, in the presence of potassium vapor, at temperatures above 
150° C, emitted thermelectrons so freely as to mask any photo-electric 
effects that may have occurred in the vapor.! This is similar to results 
noted by Kingdon and Langmuir for various metals in caesium vapor.” 
After a short time at any given temperature of the electrodes and pressure 
of the vapor, the emission reached an equilibrium value, probably 
depending upon the amount of vapor adsorbed; and for moderately high 
vapor pressures the order of magnitude of the emission per square 
centimeter was about that to be expected from a thick potassium surface. 
While investigating the performance of the tube, observations were 
made giving two curves of the ordinary resonance form. 
Upon later consideration, inasmuch as the electrodes were plane and 
parallel and the initial electronic thermal energies were low and contact 


1 Williamson, Phys. Rev. 21, 109 (1923) 
* Kingdon and Langmuir, Phys. Rev. 21, 381 (1923) 
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potentials were less than 0.1 volt, it seemed worth while to submit the 
curves to a rather approximate quantitative analysis. Some of the 
results obtained merely indicate orders of magnitude and the factors 
governing the form of the curves, but it appears that a more extended 
investigation along this line would not only give more accurate deter- 
minations of the resonance potentials of the alkali metals but would 
also give additional information as to the probability of resonance, mean 


free path, etc. 


II. APPARATUS 


The apparatus consisted of a glass tube containing three copper elec- 
trodes, rectangular plates, parallel to each other, and arranged so that 
electrons could be accelerated in an extended region and sent through~ 
a gauze into a retarding field (Fig. 2).. Thus the plate A, 3.56 cm, was 
at a distance of 4 cm from a gauze B of the same size. Behind the gauze, 
at a distance of about 0.7 cm, was a smaller plate C, 24 cm, which was 
connected to a shunted electrometer and was insulated with a tube of 
fused quartz set in an earthed guard ring. The potassium reservoir 
was a tube which projected below the main tube in such a manner that it 
could be heated in a separate furnace. Thus the vapor pressure in the 
region of the electrodes could be varied while the temperature of the 
latter was held constant. The main tube was connected to a diffusion 
pump, but there was a plug which could be lowered into a constricted 
part of the pump tube so that when suitable vacuum conditions had 
been reached, the effusion of potassium vapor could be reduced toa 
negligible amount. 


III. OBSERVED RESONANCE POTENTIAL CURVES 


Data were taken to plot two curves showing the electronic current to 
the electrode C against the accelerating potential V,, which was applied 
between A and B, readings being taken at intervals of 0.1 volt in most 
cases. The first curve, Fig. 1A, was taken at a relatively low vapor 
pressure, with a retarding potential V, of two volts between B and C. 
The second curve, Fig. 1B, was taken at a higher pressure, with a retard- 
ing potential of one volt. It is to be noted here that the resonance 
potential y of potassium is about 1.6 volts, so that in the first case the 
retarding potential is greater, while in the second it is less than the 
resonance potential. This gives rise to slightly different types of curves. 

Consider first what is to be expected under the conditions in which the 
data for the curve of Fig. 1A were taken. In the case of the primary 
electrons leaving A resonance will occur when V, equals ¢, or 1.6 volts. 
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If the probability of resonance upon collision does not decrease rapidly 
as the energy of the electrons increases above the minimum amount 
required for resonance, this resonance will occur in a region included 
within two boundaries, one of which is a plane between the gauze B and 
the electrode C, and the other is a plane between B and A, both bound- 
aries moving away from B as V, increases. This results in a continual 
decrease in the number of unresonated electrons in the primary group, 
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Fig. 1. Observed resonance curves. 


with increase of V,. When V, equals V, (2 volts) the survivors of the 
primary group will begin to reach the electrode C and we observe the rise 
shown at fa which slopes somewhat to the right on account of the trans- 
verse component of velocity with which some of the electrons pass 
through the gauze as a result of collisions. When the rate at which the 
current rises becomes less than the rate of loss by resonance we get the 
descending part of the curve, ag. The secondary group of singly resonated 
electrons will reach C when V.=¢+ V,, and so on for the other groups, so 
that the rises (f, g,h, . . . ) should occur for V.=ng+V, where n=0, 1, 
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2... The positions of the maxima (a, b,c, . . . ) should differ from 
each other by approximately the amount of the resonance potential, 
since the conditions under which the groups of electrons move toward B 
are quite similar. However, the absolute voltage of each peak depends 
upon where the maximum falls in the case of an exponential decrease 
applied to a curve of the saturation form. Thus we might expect a sys- 
tematic variation of the interval from maximum to maximum, which 
however in certain cases may be small enough to give approximate values 
of the resonance potential. 

Consider next the curve in Fig. 1B, where V, is less than g. The rise 

due to the first unresonated group then starts at V.=V, (1 volt) and 
continues until resonance begins at V,=y, when the current due to the 
first group decreases with further increase of V,. CB A 
Then when V,=¢+V, the second group begins to <—-——_—d- 
reach C and we get the rise jb. Resonance of this 
group begins at b for V.=2¢ and this group con- 
tinues to decrease as V, is increased. Where the 
free path is quite short, as it is in this case, the 
maxima will occur very closely at ng where n=1, 
2,3... . The upward breaks, due to each suc- 
cessive group reaching the electrode C, should take 
place quite accurately at V.=V,+ng where n= 
0,1,2 .. . as is observed. 

Smaller maxima are observed to occur. Some effort was made to 
interpret these from the standpoint of secondary resonance potentials, 
but conditions in the tube were complicated by the presence of an 
atmosphere of electrons from the gauze and walls so that no definite con- 
clusions were reached. 

It is to be noted that the negative currents are superposed on a positive 
current which results from the action of the retarding field V, in drawing 
electrons from C. It is also possible that there may be positive thermions 
emitted by B and driven over to C. It is assumed that the curve repre- 
senting this positive current becomes approximately horizontal as V, in- 
creases. This seems reasonable in view of the fact that data were taken 


at a much lower vapor pressure where there were very few collisions, 


and almost complete saturation was reached for V,=5 volts. 
IV. VALUE OF RESONANCE POTENTIAL 


A mean value of the resonance potential was obtained by a least 
square reduction from the four series of points read from the maxima and 
minima of the curves as given on page 138: 
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Fig. 1A Maxima Minima 
a 2.7 volts f 2.00 volts 
b 4.3 g 3.55 
c 6.0 b §.25 
d 7.6 


Fig. 1B Maxima Minima 
b 3.20 volts j 2.50 volts 
c 4.90 k 4.10 
d 6.50 1 5.80 
e 8.10 m 7.40 
f 9.75 n 9.00 
g 11.40 
g 11.40 


h 


The weighted mean was 1.628+.003 volts. Tate* obtained a value of 
1.55 volts, while the value to be expected from the spectral relations 
is 1.608 volts. Probably no significance should be attached to the fact 
that the result is slightly high, though it may be remarked in passing 
that the values of resonance potentials observed by others seem to be 
larger than the spectral values more frequently than smaller. 


V. 


12.95 





ANALYSIS OF CURVE FoRMS 





Since the electrodes were plane parallel, and contact potentials and 
thermal energies were of a low order of magnitude, less than 0.1 volt, 
it seemed of interest to see how closely the form of the curves could be 
accounted for on simple assumptions. 

As a matter of first approximation, the following assumptions were 
made (see Fig. 2 for notation). 

(a) An electron leaves A and travels across toward B. The probability 
of resonance is zero till it reaches the plane x; =(¢/V.,)d. For any layer 
dx, between x; and d, the probability of resonance is taken to be a con- 
stant independent of the energy of the electron. A given primary group 
of electrons thus reaches x; without having suffered any resonance 
collisions. From there on, their numbers are reduced exponentially in 
accordance with the following expression for the number that have not 


suffered a resonance collision, m=moe~@~?"™ 


where L is a quantity 
somewhat analogous to a mean free path and represents the displace- 
ment from x; along x which an electron has on the average before it 
undergoes a resonating collision. Collisions in the region BC are neg- 
lected. 

(b) It is assumed that at each resonance an electron loses energy 


corresponding to a multiple of its resonance potential. 


3 Tate, Phil. Mag. 36, 72 (1918) 
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(c) All effects of space charge, tending to modify the potential distri- 
butions and number of electrons leaving the electrode, all effects of 
collision or retarding field CB tending to alter the electronic densities at 
different points and the effects of secondary resonance potentials, and of 
the ionization potential are taken to be negligible, for a first approxima- 
tion. 

On the basis of the above assumptions, expressions were derived for 
the numbers of the electrons in the different resonance groups reaching 
C as a function of V,. Calculations were carried out for only the first 
three groups for which the numbers of resonating collisions are, re- 
spectively, none, one and two. Different treatments of limits are involved 
according as V, is greater or less than y. The expressions for the three 
groups in the case where V, is greater than ¢ are as follows: 


Group (1): for Va>V,>¢ 


MY _ —(a/LM1-9/Va) 


No 


Group (2): for Va>(V,+¢) 


ne oa 2¢ os - 
ee wrnnt-orral (1 oe mt ry F (d/L)\(1—2g/Va) 


L Va 
Group (3): for Va>(V,+2¢) 


pom) EEO 
No L \Va | 3 2 Va 2 \Va 


en 3¢ ; ad 
4g (H/L1-29/Va) [<(1 ” ~) a 1| 4. LN Se, Va) 
L Va ] 


no 


A similar set of expressions was obtained for the case V, less than ¢, 
where a slightly different treatment of the limits is required. 

Confining our attention to the first case, where V, is greater than g, if 
we let ¢=1.6 volts, d=4 cm, and V,=2.0 volts, we must choose a value 
for L so as to get a curve which most nearly approaches the observed 
curve in its various characteristics. If we let L=1.33 cm, we get the 
curve shown in Fig. 3A. Let us compare this with the curve of Fig. 1A. 
In the latter, we note that when each group of electrons acquires sufficient 
energy to overcome the retarding potential V, the current rises steeply, 
but curving slightly to the right as in a saturation curve. This is prob- 
ably due to the fact that, asa result of collisions, some of the electrons go 
through the grid with a transverse component of velocity. In the case of 
extremely short free paths, an approximate expression can be derived 
representing the shape of the resultant curve. In this case, however, 
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it will be necessary to arbitrarily assume the form. For convenience in 
calculation it was taken to be of the form (1—e*'?-'’—*® ) where 
n=0, 1, 2... , which is represented by the curve fxy in Fig. 3A. 
The factor k=2.5 was chosen in conjunction with L so as to throw the 
maximum a of the first group in Fig. 3B at about the observed voltage, 
and so as to get the ratios of the first and second groups approximately 
as observed. We notice that the third peak is slightly too high relative 
to first and second, indicating that L was a little too small. A value of 
k=2.33 and L=2 gives the third group in too small a proportion, so 
that the best value of ZL would be about 1.5 cm. 
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Fig. 3. Theoretical resonance curves, for v;>¢. 


Consider next the high pressure set of curves where V, is less than ¢. 
The curves obtained will be shown without putting down the mathemati- 
cal expressions for the currents. Asa result of several trial computations, 
the value of 0.4 cm was chosen for L, which gives as a first approxima- 
tion the solid-line curve with peaks a, b, c, d as shown in Fig. 4A. Here 
it is to be noted, as opposed to the case where V, is greater than ¢, that 
each peak rises to the full saturation value, if we neglect the effects of 
space charge and lateral velocities of the electrons as they pass through 
the grid. We can show approximately the effect of the lateral velocities 
if we assume here that conditions were more nearly those where the free 
path is very short, and follow the analysis of Hertz‘ which gives an 
expression of the form [1—VV,/(V.—ng)] where n=0, 1, 2, . 





e ’ 


4 Hertz, Ber. der D. Phys. Ges. 19, 277 (1917) 
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this expression being applied as a factor to the current representing 
each group of electrons. This correction then gives us a set of curves as 
shown a’, 0’, c’, d’, in Fig. 4A. Here we note that while the ordinates of 
the minima rise somewhat as they do in the observed curves in Fig. 1A, 
those of the maxima all are of the same value. In the observed curves, 
on the contrary, the maxima seem to have an envelope of the form 
of a saturation curve as modified by space charge. Let us assume then 
that the electrons leaving A are represented by a curve of the form xyz 
Fig. 4A. This will give the factors by which the currents shown in curves 
a’, b’, c’, d’ must be multiplied. The resulting curves are shown in Fig. 
4B, which we see resemble closely the corresponding observed curves of 
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Fig. 4. Theoretical resonance curves, for 1;<¢. 


Fig. 1B. In considering the plausibility of using space charge effects to 
account for the slow increase of the number of electrons leaving A, we can 
take an expression given by Richardson® showing the modification of the 
current by space charge when electrons are accelerated through a gas, 
I=V(e/2m) (\/2nd3)V.°. However, if we substitute in this formula 
the free path corresponding to the observed vapor pressure, we find that 
the current should rise to its saturation value at a much lower voltage 
than is indicated by the curve xyz Fig. 4A. This discrepancy may 
possibly be accounted for by the electrons thrown back into the region 
between A and B by the retarding field. 





5 Richardson, Phil. Mag. 32, 433 (1916) 
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V. DISCUSSION OF THE VALUE OF L 


In spite of the approximate nature of the above treatment it will be 
of interest to consider the results from a quantitative standpoint. 

Compare first the values of Z with the electronic free paths based on 
kinetic theory. It is necessary here to extrapolate vapor pressure data 
for potassium by Hackspill,® and to use argon as a basis for computing the 
free path, using the factor 4./2. In the low pressure case, Fig. 1A, \ is 
21 cm while the corresponding value of Z is about 1.5. From the high 
pressure curve, Fig. 1B, \ is 3 cm with a corresponding value of L of 0.4 
cm. Thus we have values of \/Z ranging from 14 to 7. It appears reason- 
able to assume that \ should be less than L since resonance probably does 
not occur at each deflecting collision. /Z for low pressures should be 
about equal to the probability of resonance, while at the higher pressures 
the ratio would more nearly approach 1. Even after allowing for the 
uncertainty of the data and approximate nature of the analysis, there 
seems to be an indication that the free path in potassium is smaller than 
in argon, as is to be expected from the atomic structure assigned these 
elements. 

With regard to the probability of resonance, Miss Sponer’ found that 
in the case of mercury it was of the order of magnitude of 1 per cent, with 
a maximum probability near the resonance potential which decreased 
as the energy of the electron increased. At low pressures, the same 
probability for potassium would require \/L to be about .01 while at 
high pressures the ratio would be nearer 0.1. Since it seems difficult to 
reconcile the above results with such low values of \/L, the curves afford 
evidence that the probability of resonance is greater in the case of potas- 
sium vapor than in mercury. 

As to the variation of this probability with the energy of the electrons, 
one can consider the branches bk, Fig. 1B, and ag, Fig. 1A, which indicate 


that resonance continued without appreciable diminution over a range of 
from 1 to 2.0 volts above the resonance potential. 

If one considers curves given by other workers, Franck and Hertz 
for mercury, and Foote, Rognley and Mohler? for caesium, similar results 
are indicated. 


8 
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® Hackspill, Contes Rendus 154, 877 (1912) 

7 Miss Spooner, Zeits. f. Phys. 7, 185 (1921) 

8 Franck and Hertz, Ber. d. D. Phys. Ges. 16, 462 (1914) 
* Foote, Rognley and Mohler, Phys. Rev. 13, 68 (1919) 
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THE REFRACTHON OF X-RAYS IN IRON PYRITES 


By ROBERT VON NARDROFF 


ABSTRACT 


Refraction of x-rays in iron pyrites.—Preliminary values of 6=1—y were 
obtained by reflecting the first and fourth orders from a natural face of the 
crystal. Then, as suggested by Bergen Davis, by grinding the crystal so as to 
decrease the angle between the beam and the molecular planes to 15’, the 
angle of bending was increased from 15” or less to as high as 210”. By 
calibration of the tangent worm and other precautions, lines were measured to 
2-5". The values obtained for 610° for MoKa;, MoKs;, CuKa,, and 
CuK, are 3.35+.2, 2.87+.2, 17.6+.5 and 13.2+.4. The corresponding 
values computed from the Lorentz dispersion formula, assuming 2 electrons 
in the K ring, are 3.34, 2.66, 17.7 and 13.6. The good agreement seems to 
indicate that the influence of the natural frequencies of the K electrons is 
not negligible. The limits of total reflection observed near grazing incidence, 
gave approximate values of the refraction; and the crowding together of 
MoK¢§; and MoK7;, near grazing incidence also gave a value of 6 for MoK§,. 

Wave-lengths of MoK®, CuKa, and CuK§, are found to be .63102, 1.5372 
and 1.3892 A. 

Grating space of iron pyrites is found to be 2.7028 A. 


ARLY experiments by various investigators soon after the discovery 

of x-rays detected no refraction of a beam passing through a prism. 
Later and more refined observations by Chapman,! Barkla,? and Webster 
and Clark® led to the same negative result. Barkla, using the prism 
method, believed that he had shown that the refractive index of potassium 
bromide and rock salt for \ .5 A differed from unity by less than 5 X 10~*. 
About 1920 Stenstrom,‘ Duane and Patterson,°® and Siegbahn*® began 
to notice continued discrepancies in the values they obtained for the 
wave-lengths of x-rays reflected from crystals at different orders, and 
pointed out that this could be explained by assuming an index of refrac- 
tion slightly less than unity. Stenstrom from his observations calculated 
several values of 6=1—y, which, however, could not be regarded as at all 
accurate. In 1922 Davis and Terrill’ by this method obtained 6 = 3 x 10~* 


1 Chapman, Proc. Camb. Phil. Soc., p. 574, 1912 

? Barkla, Phil. Mag. 31, 257 (1916) 

’ Webster and Clark, Phys. Rev. 8, 528 (1916) 

4 Stenstrom, Doctor’s Dissertation, Lund, 1919 

5 Duane and Patterson, Phys. Rev. 16, 532 (1920) 

6 Siegbahn, Comptes Rendues, 173, 1350 (1921) 

? Davis and Terrill, Proc. Nat. Acad. Sci. 8, 537 (1922) 
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for Mo Ka; reflected from calcite, but the bending observed, about 4”’ 
was hardly within the precision of their measurements. 

Since the index of refraction is less than unity, total reflection should 
take place at sufficiently small grazing angles. This possibility was 
investigated by Compton,* who found the effect and determined the 
index of refraction of crown glass and silver for L8; of tungsten, obtaining 
4.2 and 21.5 X10~. 

In the paper of Davis and Terrill’ was contained the suggestion, due 
to Professor Davis, that the bending could be greatly increased by 
grinding the crystal at an angle ¢ to the molecular planes, slightly less 
than the angle 6» of reflection of the beam at these planes. The grazing 
angle of incidence would be nearly (@)— @), and as the bending is approxi- 
mately inversely proportional to this, it could, by properly choosing ¢, 
be made very large. This suggestion was embodied in several methods 
by Hatley,® who found for MoKa;, and calcite the value 6=2.03+.09X 
10-°. The same idea is employed in the present investigation, of which 
some of the earlier results were presented before the American Physical 
Society.'” 

The direct current high potential set and the spectrometer employed 
have been previously described." The tangent worm which rotated the 
crystal was found to have errors, and it was calibrated by an optical 
system. Light from an illuminated millimeter scale was reflected from 
an interferometer mirror to another mounted on the rotating crystal 
table, back from this to a third, and thence into a large transit telescope 
having a magnification of about 120. The optical path was 104 feet, and 
the rotation of the crystal table through 1’ caused the cross-wire of the 
telescopé to move over the image about .15mm. By means of this system 
the worm was calibrated and a curve constructed giving corrections as 
high as 18” for some positions of the worm. In this investigation all 
positions of the crystal were read from the graduated hand wheel at- 
tached to the worm, the verniers being used merely to give the approxi- 
mate values. Two x-ray tubes were employed, a water-cooled molyb- 
denum tube and a water-cooled copper tube. In order to increase the 
amount of available radiation from the latter it was provided with a 
window consisting of a bubble of glass .006 cm thick blown on the end 
of a glass tube 3 inch in diameter and 3 inches long which pointed in 
toward the target from the surface of the x-ray bulb. 


8A. H. Compton, Phi!. Mag. 45, 1121 (1922) 

°C. C. Hatley and Bergen Davis, Phys. Rev. 23, 290 (1924) 
10 Bergen Davis and R. von Nardroff, Phys. Rev. 23, 291 (1924) 
11H. M. Terrill, Journ. Opt. Soc. 6, 287 (1922) 
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The crystal used was an exceptionally fine sample of iron pyrites. Iron 
pyrites crystallizes in the cubic system, and the 100 planes were those 
used for reflection. Slit widths of .04 mm and .08 mm were used. 

The procedure in obtaining reflection angles was to observe the crystal 
position at which a given line was reflected, then to turn the crystal until, 
in the optical system above described, a certain line in the millimeter scale 
was brought on the cross-wire of the telescope, when the position of the 
table was noted. The crystal table was then loosened, swung around 
through 180°, and clamped again, and the table was then rotated by the 
worm until the line in the millimeter scale was again brought on the 
cross-wire of the telescope, where the position was again noted. Then 
the crystal was turned until the x-ray line was again reflected, and this 
position observed. All these positions were corrected in terms of the 
worm wheel calibration. The values of 6; and a, which are the average of 
a number of observations, are believed to be accurate within 2” in the 
case of the best lines and 5” in the case of the wider and fainter lines. 

In order to obtain a provisional value of 6=1—y, the lines MoKa, and 
MoK{,; were reflected from the natural surface of the pyrites crystal at 
the first and fourth orders, the second and third orders being absent. The 
results are giver in Table I. 


TABLE I 
Radiation Order Angle of reflection 
Mo Ka; 1 Tae 
Mo Ka, 4 Si" SY 423.¢" 
Mo Kg, 1 6° 42" 18.5” 
Mo K&8, 4 27° 3 3.4" 


6,=angle of reflection at first order; 
6, =angle of reflection at nth order; 


(nm sin 6:—sin @,,) (7 sin 6:+sin @, ) 


(1) 


§6=1-~= ————- 
2(n?—1) 
Using the angles above, approximate values of 6 for these wave-lengths 
were found. 


For Ka;, 6=4.6X10-*; 
KB,;, 6=3.9X10-°. 


The crystal was then ground and polished at an angle ¢ with the 
molecular planes. This angle was determined by measuring on a spec- 
trometer the angle between the reflecting surface and a reference surface 
of the crystal before and after grinding. 
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When x-rays are reflected at such a surface, a large amount of bending 
takes place at what, following Hatley, will be called acute incidence, and 
a small amount, 2” to 5’’, at obtuse incidence (see Fig. 1). Measurements 
were made of the angle turned through by the crystal between the two 
reflecting positions, first when the beam meets it coming as in the direc- 
tion AB, and next as in the direction ED. It is evident that 180° minus 


Lee 


Fig. 1. Reflection of a beam from a crystal ground at an angle to the 
molecular planes. 
this angle is equal to (a:+az). If 0 is the angle of reflection at the 
molecular planes inside the crystal, and a=(a;+a2)/2, it may be shown 
that 





a (sin a—sin 49) (sin a—sin @) (sin a+sin ¢) 


(2) 


(sin a—sin*a) 
For the unground crystal the relation holds that 
sin 69=sin 6,-— 5/sin 6,+6 sin 6. (3) 


In the work on the molybdenum radiation, the final values of 6 were 
determined from Eq. (2) and (3) by a method of successive approxima- 
tions, starting with the provisional values obtained above. The resulting 
values are shown in Table II, which gives the approximate calculated 
- values of the bending at acute incidence. 


TABLE II 








Angle of grinding Bending 





MoKa, 
unground a ae” 5.4" 
ra s.5" 7 2° 6 G3" 39.1°’ 
7° 18’ 39.0"’ 7” Se" 4:3" 

MoKg8; 
unground 6° 42’ 18.5°’ 
S ai° S7.S$°’ 6° 43’ 41.0’ 
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The appearance of the radiation curves presented certain features of 
interest. The reflected radiation at acute incidence was more intense 
than that from the unground crystal, while at obtuse incidence it was 
much less. For example, in one case, if the maximum energy from the 
unground crystal be given as .83, the energy at acute incidence was 1.96, 
and at obtuse .22. This may be explained by assuming that the incident 
beam must on an average pass through a given number of molecular 
planes before reflection. Under these circumstances, as will be seen from 
Fig. 2, the total path inside the crystal traversed by the ray meeting it 
at obtuse incidence will be much greater than at acute, which in turn is 
considerably less than at the unground surface. This weakness at obtuse 
incidence, together with a certain broadening of the lines, which becomes 
marked at very small grazing angles, makes it impossible to diminish 
this angle indefinitely by increasing ¢, and thus limits the bending 
obtainable. 


& 


e 
y= 


Oe 


B 


Fig.2. Comparison of paths of two beams, one with acute incidence CED, the other 
with obtuse incidence ABC when both penetrate to two molecular planes beneath 
the surface before reflection. 


If the general radiation curve is examined at small wave-lengths it is 
found that as the ray approaches grazing incidence, but some 6 to 20 
minutes of arc before reaching it, the radiation curve drops off rather 
suddenly, showing that the incident ray can no longer penetrate the 
crystal, but is totally reflected. This should occur when the cosine of 
the grazing angle=(1—65), and the wave-length will be given by \= 
2d sin ¢ since, at the limit, the ray in the crystal will be parallel to its 
surface and hence meet the molecular planes at the angle ¢. It may be 
shown that, at the critical angle, 5=sin?} 6... The fact that the breaks 
in the general radiation curve were not very sharp made it impossible to 
use these angles for exact determinations of 6. Approximate values were 
obtained with total reflection beginning at a grazing angle of 7’ 34” for 
A4=0.615A, giving 6=2.42 X10~, and, with the crystal differently ground 
and using copper radiation, at an angle of 21’ 6” for \=1.451 A, giving 
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= 18.8X10-*. These values are in fait agreement with those found by 
other and more accurate methods. 

In the case where ¢=6° 31’ 57.5”, it was noticed that MoK®§, and 
Ky were but 4’ 29” apart, whereas, with the unground crystal they were 
separated by 7’ 16’. This was to be expected, since the bending increases 
rapidly as grazing incidence is approached. A method was found, depend- 
ing only roughly on the values of ):and a, by which 6 could be found from 
this crowding of the lines. This calculation, which is practically inde- 
pendent of the accuracy of the 180° rotation of the crystal table, gave 
6 =2.88 X10-* for Kf;, in close agreement with the values found above. 

In the case of the copper radiation, the fourth order angles were too 
large to be reached by the ionization chamber. Therefore the preliminary 
value of 6, instead of being obtained by comparison of first and fourth 
order reflections, was simply assumed at a reasonable value. The method 
of successive approximation described above was then applied to the 
values of @;, and a obtained from the unground and ground crystals. The 
results are given in Table III, together with approximate calculated 
values of the bending at acute incidence. 











TABLE III 

Angle of grinding a Bending 5X 10° 
CuKa, 

unground 26° 3t° 313° 22°" 

a 375"° 16° 33’ 6.7’’ 210.1’’ 17.6+.5 
CuKs, 

unground 14° 53’ 39.0’’ 4.9’’ 

a” 32° 30.5"" 14° 55’ 20.3’’ 218.1'’ 13.2+.4 








In Table IV are collected the sines of the angles of reflection at the 
molecular planes and the weighted means of the values of 6 for the various 
lines measured, together with the values calculated from the Lorentz 
dispersion formula, which, in ordinary electrostatic units, may be 


written 
e ny No 
= m eae eae = 
2QrmLr—vyer = v—pve 


where ;, m2, etc., are the number of electrons per unit volume having the 
natural frequencies of vibration 7, v2, etc., and v is the frequency of the 
incident radiation. All the electrons except those of the K rings have 
frequencies so far below that of the radiation that their v’s may be 
omitted. The formula may thus be written 
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where NV =number of FeS: molecules per cc, 

Z=atomic number, 

_k=number of electrons in the K ring. 

The natural frequencies were taken as those of the K absorption limit. 
For the Mo radiations the effect of changes in the values of k are not 
within the limits of experimental error, but for Cu radiation they are; and 
the table shows the theoretical values of 5 obtained by assuming k =0, 
1, 2, 3, the first of these corresponding to the assumption that the 
natural frequencies of the electrons play no part in the refraction. It 
will be observed that the experimental values are in close agreement 
with those predicted by the formula, and in the case of CuKa; where the 
variations in 6 introduced by different values of k are largest, distinctly 
favor the value of k=2. Just how the mechanism postulated in the deri- 
vation of the Lorentz formula is to be reconciled with quantum con- 
ceptions is a matter for speculation. 


I 











TABLE IV 
— ‘ ms 6X 10® (calc.) 6X 10° 
Radiatio n 6 Nai 
a ve ” (k=0) (k=1) (k=2) (k=3)| obs.) 
MoKa; | .1309235| .707717+15| 3.29 3.31 3.35+.20 
MoKs, | .1167353 | .63102 + 6| 2.62 2.64 2.87+.20 
CuKa, | .2843818 | 1.53722 +15] 15.58 16.58 17.60 18.61 | 17.6 +.5 
CuKs, | .2569866 | 1.38915 +15] 12.69 13.12 13.53 13.95 | 13.2 +.4 




















Ewald” has developed a theory of x-ray reflection according to which 
there is a certain “toleration angle”’ of deviation from Bragg’s Law, that 
is, radiation is reflected not merely at the wave-length given by \=2d 
sin @ but also over a small range of angle extending to one side of this 
position. Since what is measured is the mean position of the range, all 
observed angles should differ from those expected from the Bragg relation 
by an amount equal to one-half the toleration angle. This toleration 
angle is a function of the grazing angle and also of the frequency of the 
incident radiation and the natural frequencies of the electrons in the 
crystal. The quantity which expresses the latter two relations is given by 


vm 
Q=— —iay— Wo?) 


2 P, P. Ewald, Ann. der Phys. 46, pp. 1 and 117 (1916), and 54, 510 (1917) 
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where 1/7 =number of electrons per cc, 

w;=natural frequency of electrons, 

wo = frequency of radiation 
It will be seen that © is identical with —1/6 as given by the Lorentz 
equation. For reflection at an unground surface, Ewald obtains the 
expression 


60=O0m+2/ (2 sin 0). 
This may be transformed into 
sin 09=sin 0m+1/(Qsin 4) , 


which is ‘identical with (3) except that it lacks the last term, which is 
small compared with the second, and except for the difference between 
sin 6, and sin 0) in the second term which, for an unground crystal, 
is negligible in comparison with sin 4. Hence any results which fit 
Ewald’s formulas would also fit those of the refraction theory. Hjalmar,™ 
using the photographic method, has made extremely careful observations 
of many wave-lengths reflected at orders up to the tenth. He compares 
his results with those to be expected from Ewald’s theory and finds that 
the change in sin @,,/” for various orders is about as predicted. However, 
if the values of 6 be calculated from his data they lead to results which are 
much too high. For example, using the first and eighth orders of reflection 
of CuKa,; from gypsum, 6 comes out 18.410~*, whereas the Lorentz 
equation gives 7.2X10-®. Certain earlier and less accurate data of 
Hjalmar,“t discussed by Ewald,’ indicated that only about half of the 
electrons in the molecule were affected by the radiation, and thus entered 
into the equation; that is, this data would have given low values of 6. No 
explanation, however, could be made on such grounds of values which 
come out too high. They are perhaps due to the difficulty, inherent in the 
photographic method, of setting the crystal so that the axis of rotation 
lies in the plane of average penetration of the beam before reflection. 
It should be pointed out that apparently Ewald’s theory would not 
predict total reflection. 

Hatley’ obtained from his measurements of MoKa;, reflected from 
calcite, corrected for refraction and also for the increase in wave-length 
in the ratio 1/(1—6) which must occur when the rays enter the crystal, 
the value A\9=(.707717 +15) A based on d for calcite = 3.028 X 10-° cm. 


Correcting this for the change of wave-length in pyrites and using the 


18 E, Hjalmar, Zeit. f. Phys. 15, 63 (1923) 
4 E, Hjalmar, Zeit. f. Phys. 1, 439 (1920) 
4% P, P. Ewald, Zeit. f. Phys. 2, 332 (1920) 
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value of sin 0) given for MoKa, in Table IV, the grating space of pyrites 
can be calculated, and is found to be (2.70280+15)A. Using this value and 
the sin 69's for the other radiations, their wave-lengths in pyrites and 


thence in air may be obtained. The results of this calculation are given 
in Table IV. 

In conclusion, the writer wishes to express his thanks to the various 
members of the Physics Department for their co-operation, and in 
particular to Professor Davis, who suggested the problem and whose 
advice and encouragement were an invaluable aid throughout the investi- 
gation. 


DEPARTMENT OF PHYSICS, 
CoLuMBIA UNIVERSITY, 
March 22, 1924. 
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EFFECT OF TEMPERATURE ON THE REGULAR 
REFLECTION OF X-RAYS FROM ALUMINUM 
FOIL 


By E. H. CoLiins 


ABSTRACT 

Effect of temperature on the reflection of x-rays from rolled Al foil.— | 
The powder method of analysis was used, a coil of the foil being placed at the 
center of the spectrometer in an electric furnace provided with openings for 
the x-rays. Intensity measurements for the scattered rays, wave-length .710 A, 
were obtained with an ionization chamber, for temperatures 80°, 310° and 
600°C. The scattering curve for 80°C shows peaks at 17.4°, 20°, 28.7° and 
33.8° (for planes 111, 100,110and 311). These are displaced for the higher 
temperatures because of the expansion, and are also decreased in intensity, 
the ratios for Joo to Tso being respectively .86, .815, .56 and .71. These ratios 
are considerably less than those predicted by the Debye theory, .94 to .81. 

Relative spacing of crystal planes in aluminum rod and foil.— The angles 
of the peaks are from 0.4° to 0.7° less for the foil than for the rod, showing that 
the planes in the foil are about 1.5 per cent farther apart as a result of the 
rolling. This difference is not decreased by heating .to 600°C. 


1. INTRODUCTION 


THEORETICAL study of the change in intensity of general scat- 
tered and regularly reflected x-rays with a change in temperature of 
the scattering material has been made by Debye! and by Darwin.’ 
Experimentally this effect has been investigated by Bragg,* Jauncey‘* 
and Blackhurst.® 
This paper is a report of an experimental study of the change of 
intensity of x-rays regularly reflected from a cylinder of aluminum 
foil at temperatures 80°, 310° and 600°C. 


2. APPARATUS AND METHOD 


The x-ray spectrometer used was the instrument described by Hew- 
lett. It employed the powder method of x-ray analysis, the relative 
intensities of the scattered x-rays being measured by an ionization 


1 Debye, Ann. der Physik 43, 49-95 (1914) 

? Darwin, Phil. Mag. 27, 325 (1914) 

3 Bragg, Phil. Mag. 27, 881 (1914) 

4 Jauncey, Phys. Rev. 20, 421 (1922) 

5 Blackhurst, Proc. Roy. Soc. 102, 341 (1922-23) 
* Hewlett, Phys. Rev. 20, 690 (1922) 
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chamber and electrometer. The scattering material was a cylinder, 
diameter 8 mm, made by a roll of aluminum foil, the amount used being 
the optimum for maximum reflection. 

A furnace of special design, shown by the diagram Fig. 1, was con- 
structed for heating the aluminum. The rotating aluminum cylinder A 
was enclosed in a pocket made from asbestos board with heating strips 
wound in spiral form at the top and bottom of the pocket. An open space 
all around the furnace was left for the entrance and exit of the x-rays. 
The dimensions of the furnace were such tha‘ the secondary scattering 
and tertiary radiation reaching the ionization chamber from the materials 
of the furnace were reduced to a minimum. 

To determine the temperature of the aluminum a preliminary experi- 
ment was first performed to measure the difference in temperature 
between a point 7’, Fig. 1, just above and outside the cylinder and a 
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Fig. 1. Vertical and horizontal sections through furnace. 


point within the cylinder itself. When observations were in progress it 
was only necessary to measure the temperature at that point 7 and 
subtract the difference observed in the preliminary experiment to obtain 
a very close approximation to the actual temperature of the aluminum. 
Hoskins chromel-alumel thermocouples and a sensitive millivoltmeter 
were used in the temperature measurements. The low temperatures 
were checked with a mercury thermometer. 

The intensity of the scattered x-rays was taken as proportional to the 
rate of deflection of the electrometer. From this rate taken with the 
aluminum in place was subtracted the rate with the aluminum removed. 
The latter reading represented the drift of the electrometer plus any 
scattering of x-rays from the furnace and surrounding objects reaching 
the ionization chamber. . 

In obtaining the data for the scattering curves the following method 
was used: The intensity of the scattered x-rays from the aluminum 
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cylinder was determined at 80°C over the angular region desired, then 
the aluminum was heated to the higher temperature (310°C or 600°C) 
and the observations of intensities again taken over the same angular 
region; finally the procedure was repeated for aluminum at 80°C. The 
average of the two intensities at 80°C was plotted on the same set of 
axes as the intensity for the scattered x-rays at the higher temperature. 
This procedure was necessary because in the interval of time (about 
four hours) necessary to take the data for one of these curves the density 
of methyl bromide gas in the ionization chamber changes slightly. The 
temperature 80°C was used to save time because a relatively much longer 
time was required for the aluminum cylinder to cool from 80°C to room 
temperature due to the presence of the furnace than for the aluminum 
to cool from 310°C or 600°C to 80°C. 


3. EXPERIMENTAL RESULTS 


The experimental results are shown graphically by curves I, II, III, 
IV, Fig. 2 and curve V, Fig. 3 which represent the intensity of the 
scattered radiation plotted against angle from the incident beam. The 
arbitrary unit of intensity is not the same in the curves I, II, III, IV 
because of changes in the density of the methyl bromide gas. 


4. COMPARISON WITH THE DEBYE THEORY 


For the purposes of comparison of the experimental results with 
Debye’s theory, Debye’s formulas are put in the following form: 


log (z) =418,[ (1—cos ¢:) ae _ (1-cos) gd 


for no zero point energy; and a similar formula with ¢(x:)/x; replaced by 
(y(x1)/x1+1/4), and g(x2)/x2 replaced by (y(x2)/x2+1/4) for zero point 
energy. 
Where J, =intensity of reflected x-ray at a high temperature; 

¢1=angle of observation at a high temperature; 

x,=ratio of the characteristic temperature 6 of the substance 

to the absolute temperature 7. 

¢(x1) is a function of @/T which Debye evaluates. The letters with the 
subscripts 2 have a similar meaning for a lower temperature. 

A comparison of the observed and calculated ratios of the intensity 
of regularly reflected radiation at high temperatures to the intensity of 
the regularly reflected radiation at low temperatures is shown by Table I. 
The ‘‘observed”’ intensity of the regular reflection is proportional to the 
length of the ordinate at the crest of the peak minus the length of a 
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portion due to the general scattered radiation. The value of the portion 
subtracted is found by plotting the intensities at each side of the peaks 
as shown, then interpolating graphically for the value of the intensities 
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Fig. 2. The temperature effect on the regular reflection of 
of x-rays from aluminum foil. 
of the genera! scattered radiation just under the peaks (see the straight 
lines directly under the peaks). 
In Table I the subscripts indicate the temperature, / the intensity and 


g the angle of regular reflection. This table and the scattering curves of 
Fig. 2 show that there is not satisfactory quantitative agreement with 
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Debye’s theory. The decrease in intensity ratio with increase in tempera- 
ture is markedly larger than that predicted by Debye’s theory. Again 
the decrease in intensity ratio with increase in angle is larger than that 
predicted by Debye’s theory, and the increase in ratio with angle is 
contradicted. Debye’s theory is therefore inadequate. 


TABLE I 


Comparison of experimental and theoretical results 

















$80 Crystal Ts10/Is0 | Te00/Is0 

planes obs. calc.* _calc.t | obs. calc.* calc.t 
17.4 111 .92 .973 .976 . 86 .936 .942 
20. 100 . 88 .966 .967 | .815 .926 .928 
28.7 110 aa .935 . 936 . 56 . 857 . 857 
33.8 311 . 84 .913 .914 . 709 . 809 . 809 











* Assuming zero point energy. 
+ Assuming no zero point energy. 


5. Discussion oF DETAILS 


It is difficult to draw a definite conclusion in regard to the general 
scattered radiation, because its intensity is too small in comparison with 
other sources such as the regular reflection of other wave-lengths which 
get through the zirconium oxide filter. 
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Fig. 3. The relative height and positions of the interference maxima at 80° and 600°C. 


Due to the expansion of the crystal, and the resulting change in 
grating space, the maxima at high temperatures are shifted toward the 
small angle side. The observed shifts of the maxima are in good agree- 
ment with the calculated values. 

Curve V, Fig. 3 is a composite of curves II and IV, Fig. 2. This shows 
the relative heights of the interference maxima. 
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Adiscrepancy exists between the angles of the regularly reflected x-ray 
beams obtained by A. W. Hull’ and the angles obtained in this experi- 
ment. The angles obtained by Hull are indicated by the short lines ruled 
on the angle axis of curve V. This means that the crystal structure of 
aluminum was changed, the distance between the planes being increased, 
by rolling the aluminum into foil. The scattering from an aluminum rod 
gave results which were in agreement with Hull’s values; this shows 
that the difference between the values here obtained and those of Hull 
is not due to experimental error. This effect has been noticed by 
J. Czochralski.*® 

In conclusion the writer wishes to express his appreciation to the 
Physics Department of the State University of Iowa for valuable assist- 
ance, especially to Professor G. W. Stewart under whose direction the 
work was carried on, and also to acknowledge indebtedness to Dr. C. W. 
Hewlett, now of the General Electric Company, whose x-ray spectro- 
meter was used. 

UNIversity oF Iowa, - 


Iowa City, Iowa, 
April 12, 1924. 


7 Hull, Phys. Rev. 10, 661 (1917) 
8 Czochralski, Science Abstracts, No. 2035, 1923. 
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A NEW PRECISION X-RAY SPECTROMETER 
By WALTER SOLLER 


ABSTRACT 


Multiple-deep-slit x-ray spectrometer.—A Bragg spectrometer was pro- 
vided with two collimators, each consisting of a number of thin parallel strips 
of lead, separated a distance 1/166 times their length so as to produce many 
deep parallel slits. By this construction, radiation from a considerable area 
of the target passes through one or other of the slits of the first collimator, 
a large area of the specimen is thus irradiated, and also reflected radiation 
passing through one or other of the deep slits of the collimator fastened to the 
ionization chamber reaches a large area of cross section of that chamber; there- 
fore the intensity of the ionization is relatively much greater than for the 
ordinary spectrometer. Any type of flat specimen can be studied, since in 
the large area irradiated properly oriented crystals are sure to be present, for 
some angles at'least. The intensity curves obtained show sharp peaks, there- 
fore lines can be accurately measured even when only 2’ of arc apart. More- 
over, the large intensity available enables such peaks to be located for large 
angles between the axis of the collimators, increasing the accuracy. A test 
with a small sheet of steel gave accurate measurements of the MoKa; and 
Kaz peaks, the wave-length ratio coming out 1.00604 in agreement with 
Duane’s value 1.00605. Also the expansion of the steel to 475°C was readily 
observed, the shift of 9’ giving a coefficient of 12 X10-*. The change in atomic 
distance produced by stretching a steel strip beyond its elastic limit was also 
measured, the contraction at an angle of 82° to the stress being 0.265 per cent. 
This instrument should prove useful in studying the effect of any agency 
tending to change the interatomic distances. 


INTRODUCTION 


WO methods, the Bragg x-ray spectrometer and the Hull-Debye 

powder method, have been used for determining the atomic lattice 
patterns for a large number of crystalline substances. While these 
methods have given us very valuable information in regard to atomic 
structure, neither of them is adapted to determining quantitatively the 
interatomic changes due to thermal, mechanical and other physical 
and chemical influences on ordinary materials. For such work the appar- 
atus described in this paper will be found to be superior to the former 
methods. 


APPARATUS 


The electrical power was provided by two sixty cycle transformers 
connected to a mechanical rectifier and a filter circuit consisting of the 
secondaries of high tension transformers. A water cooled molybdenum 
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Coolidge tube was operated at a constant potential of 40 kv and a 
current of 30 m-amp. The rays reflected from the specimens were 
analysed with a Bragg x-ray spectrometer fitted with a Bumstead double 
tilted gold leaf electroscope. 

The important modification of this spectrometer lay in the substitution 
of two specially designed collimators for the usual slits. The disposition 
of the apparatus and the construction of the collimators are shown in 
Fig. 1. 

Each collimator consists of a large number of thin parallel strips of 
lead bound together as a unit in a tube to form a series of narrow rec- 
tangular spaces which are separated by very thin lead walls. 
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Fig. 1. Diagrams showing details of the spectrometer. 


The first or primary collimator is placed between the specimen table 
of the spectrometer and the x-ray bulb so that the axis of the collimator is 
perpendicular to the face of the molybdenum target. The other or 
secondary collimator is fastened to the front of the ionization chamber 
and in line with it. The function of the primary collimator is to produce 
a wide but directionally restricted incident beam of x-rays; that of the 
secondary collimator is directionally to restrict the reflected rays which 
enter the ionization chamber. 

The rectangular tubes of the primary collimator had a clear width of 
1.24 mm and a length of 206 mm; those of the secondary collimator, a 
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width of 0.62 mm and a length of 103 mm. The wall thickness in each 
case was 0.08 mm. Because of the size of the ionization chamber, the 
cross-section of the secondary collimator was reduced to a 14 mm square. 

The specimen was mounted on the spectrometer table with its plane 
face vertical and approximately in the line ot the axis of rotation.of the 
spectrometer. The angle between the incident beam of rays and the face 
of the specimen was established so that the reflected beam of rays was 
somewhat wider than the secondary collimator. The method of observing 
was the same as with other ionization x-ray spectrometers. 

The primary collimator limits the direction of the rays in the incident 
beam to that included in the angle 6 of diagram B, Fig. 1. All of the rays 
in the direction parallel to the axis of the collimator, are allowed to pass 
through the collimator. In the case of rays making an angle ¢ with the 
axis of the collimator, those that can pass through the collimator must be 
included in the series of small beams indicated by dotted lines in diagram 
B, Fig. 1. By plotting the cross-section of these beams with respect to 
the angle ¢, through the range @, a triangular plot of the amount of x-rays 
in the incident beam with respect to the direction of the rays (diagram C, 
Fig. 1) is obtained. This plot represents the characteristics of the col- 
limator in selecting the rays according to direction. These characteristics 
of the collimator, as seen from the plot, give a pointed maximum of x-rays 
in the incident beam in the direction of the axis of the collimator. The 
sharpness of this maximum, and the limiting angle of divergence of the 
rays, is fixed by the ratio of the width to the length of the tubes of the 
rollimator. As there are a large number of parallel tubes in the collimator, 
the incident beam will irradiate a large surface of the specimen, providing 
the area of the target emitting the x-rays is sufficiently large. 

If the specimen is composed of a large number of crystals, variously 
orientated, each incident beam of homogeneous radiation will be reflected 
in a wide beam from every possible crystal plane of the specimen and there 
will be a pointed maximum for each of these beams. These sharp pointed 
maxima in each of the reflected beams will make an angle with the axis of 
the primary collimator in agreement with Bragg’s equation. 

The secondary collimator directionally analyzes the rays throughout 
these reflected beams. The characteristic curve of the collimator as an 
analyzer also has a pointed maximum. The plots of the ionization in- 
tensity readings with respect to angular setting of the ionization chamber, 
should therefore indicate the position of the reflected beams by peaks 
in the intensity curve and these peaks should have pointed maxima or 
crests. The position of the points of the crests should be a precise indica- 
tion of the distance between the particular atomic planes giving rise to 
the beams. 

















NEW PRECISION X-RAY SPECTROMETER 161 


RESULTS 


The first experiment was made with a plane strip of commercial steel 
subjected to the unscreened radiation of the molybdenum x-ray bulb. 
Readings of the ionization were taken at inteivals of a half degree in the 
setting of the ionization chamber. The spectrum readings on the left 
side are shown in Fig. 2. The peaks formed chiefly by the reflection of the 
Ka doublet characteristic rays of molybdenum are marked a, and those 
for the reflection of the combined K@ and Ky rays are correspondingly 


INTENSITY 





CHAMBE ANGLE. 


marked 8. The designation c.c. 110a indicates the peak produced chiefly 
by the reflected a doublet characteristic x-rays from the crystal planes 
110 (Miller indices), in a body-centered cubic atomic arrangement. The 
other combined peaks are marked according to the same scheme, where 
s.c. indicates a simple cubic arrangement. 

Within the range of sufficient intensity, all the a and 8 peaks of a body- 
centered cubic arrangement are present and are prominent. Mingled with 
them are much smaller peaks usually corresponding to a simple cubic 
arrangement of atoms of the same elementary cube. Since the peaks for 
a body-centered cubic arrangement also correspond with peaks of a simple 











162 WALTER SOLLER 


cubic arrangement, only the additional peaks given by the simple cubic 
arrangement are designated by the letters s.c. Since all the peaks are 
present which should be expected from a body-centered cubic arrange- 
ment and are much the more prominent, we may consider this arrange- 
ment to be the typical one for the atoms of iron. This agrees with the 
opinion of Hull. 
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Fig. 3. Details of peaks c.c. 110a (left) and c.c. 310a (right). 


To determine whether these peaks contained pointed crests, as the 
previous discussion indicated should exist, readings at two minute in- 
tervals of angle were taken in the c.c. 110a and c.c. 310a regions of Fig. 2. 
The plots of these small regions on a much magnified scale are shown in 
Fig. 3. The plot to the left is a magnified scale drawing of the portion 
from 317°45’ to 318°27’ (c.c. 110a) and the plot to the right is the analysis 
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of the region from 343°50’ to 344°42’ (c.c. 310a) of Fig. 2. The readings 
from 343°54’ to 344°22’ of the plot to the right in Fig. 3 were then checked 
and the existence of the component peaks in that part cf the plot was 
confirmed. 

It is evident that the apparently simple peaks are quite complex and in 
order to analyze still further their true contour, the region marked A 
Fig. 3 was examined more closely. Ionization readings were taken for 
each one quarter minute of arc and the single peak A broke up into the 
twin peaks shown in the small diagram, Fig. 3, separated by only 2’ of arc. 
It is safe to say that these peaks have been located to within 73” of 
arc. The instrument evidently has a resolving power considerably 
greater than would be expected for triangular lines, which is 36 = 20’. 

The above results were confirmed by readings taken to the right of the 
incident beam. It was also shown that mechanical imperfections in the 
collimator were not producing extra peaks. 

It is evident from these experiments that pointed crests are present in 
the plots of the ionization readings and that the position of the point of 
each of the crests can be located with great precision. It still remains to 
prove that the points of the crests, thus located, indicate precisely the 
angles which correspond to the correct values for a body centered cubic 
arrangement of the atoms and for the correct Ka; and Kaz characteristic 
wave-lengths of molybdenum. 

According to Bragg’s equation, the ratio of the distance between the 
110 and the 310 planes is sin @3:0/sin 0:19. The present measurements give 
for the a; line, sin 23°8.2’/sin 10°6’ = 2.241, and for the ag line, sin 22°59.5 
sin 10°2’=2.242. The geometrical value of the ratio for a cubic crystal 
is 2.238. This agreement is much better than for measurements ob- 
tained by the powdered crystal method in which a; and ag peaks are not 
separated in the photographs. 

Using the angles 22°59.5’ for a; (310) and 23°8.2’ for a, (310), the ratio 
of the corresponding wave-lengths is 1.00604, in accurate agreement with 
the ratio .71212/.70783 =1.00605 as measured by Duane. This confirms 
our choice of the peaks which represent the a; and az lines. 

The peaks A and those at 318°16’ and at 344°28’ have not been defin- 
itely identified and as this has no bearing on the purpose of this investiga- 
tion, no attempt was made to determine their significance. 

As an example of the application of the method to the study of changes 
of structure due to physical changes, the effect of heating a small sheet of 
ordinary commercial steel was first investigated. This was used as the 
front wall of a small electric furnace, 7 cm long, 4 cm high, and 1 cm 
thick, heated by a flat coil of nichrome, embedded in fire-clay, and placed 
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so that there was only a very thin layer of clay between it and the steel 
specimen. A thermo-couple was soldered to the center of the face of 
the specimen where it would be irradiated by the x-rays. While the 
whole specimen was not heated uniformly by this method, the hottest 
part was located at the portion affected by the x-rays, and when it was 
heated to redness, an approximately uniform temperature was indi- 
cated by the uniformity of the color in this active region. 

At the higher temperature the peaks were shifted to the left and de- 
creased in intensity (see Fig. 4). |By heating from 25° to 475°C, @ for the 
reflection from the c.c. 310 plane was 22°53’. This shifted from 23°2’ to 
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Fig. 4. Shift of peaks, due to expansion. 


22°53’. This corresponds to an increase in grating space in the ratio 
1.0055, giving a mean coefficient for the thermal expansion for steel 
of 0.12210-4 in good. agreement with other determinations. The 
agreement indicates that the method is reliable for the determination 
of interatomic thermal changes. 

The decrease in the height of the peaks by increased temperature is in 
general agreement with the theoretical determination of Debye and the 
experiments of Bragg on crystals of rock salt. The flattening of the peaks 
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is very likely the result of the non-uniformity of the temperature of the 
specimen. 

It is well known that metals strained mechanically beyond their elastic 
limit show variation in their granular structure as well as in their atomic 
distances. Since the former will not affect the x-ray spectrum, this 
method of analysis should be peculiarly valuable in distinguishing 
between these two effects. Since the angular range of the apparatus was 
limited by the particular collimators used, it was possible to determine 
only the decrease in atomic distances perpendicular to the direction of the 
force applied to the specimen, which is, by Poisson’s ratio, approximately 
one-fourth of the corresponding increase in the atomic distances in the 
direction of the applied force. 

A small sheet of steel, 16 mm wide and 0.18 mm thick from the same 
sheet as used in the previous experiments, was mounted in the tension 
apparatus, Fig. 5. By tightening the screws of this apparatus the speci- 
men could be placed under a stress of 48 X 10° dynes per cm’, which was 
just within the breaking load. The calibration of the instrument for this 
stress was correct within +1108 dynes. When the specimen was thus 
strained it was maintained for a day before readings were taken, to 
allow it to reach a steady state. The tension apparatus was placed on the 
spectrometer table at an angle of 15° with the incident beam and readings 
were taken at intervals of 2’ and 1’ of arc in the region of the c.c. 310a 
peak. 

The shift of this c.c. 310a peak produced by this mechanical strain is 
shown graphically in Fig. 5. The contraction of the distance between the 
c.c. 310 planes under consideration is 0.0024 X10-* as calculated from 
the half shift 4’ and from @ for the unstrained specimen, 23°8}’. The 
distance between these particular c.c. 310 planes of this strained specimen 
is thus \/2 sin. 23°12}’=(0.71212/.7880) x 10-*=0.9037 X10-*. The 
distance between the c.c. 310 planes of the unstrained specimen (pre- 
viously calculated) is 0.9061 x10-*. Hence the contraction is 0.0024 
10-* or 0.265 percent. The angle between the normal to the c.c. 310 
planes under consideration and the direction of the load on the specimen 
was 82°. The directly measured contraction of the specimen at 82° with 
the line of the load was approximately 4.5 percent. 

Steel stressed beyond its elastic limit is in a plastic condition. In this 
condition it does not behave elastically as an isotropic body, as the crys- 
talline nature of the grains then influences its elastic properties. The 
modulus of elasticity is less for stresses above than for those below the 
elastic limit. An indication of the decrease in the modulus is obtained by 
comparing the elastic strain obtained by this experiment, 0.265 percent, 
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with that value 0.07 percent that would have occurred had the stress 
of 48 X 10° dynes per sq. cm been below the elastic limit. 

The significant information obtained from this experiment is that the 
shift of the 310a peak produced by a strain exceeding the elastic limit 
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Fig. 5. Tension apparatus, and shift of 310a peak due to contraction produced by the 
stress. 


of the specimen does not alter the shape of the curve or the relative 
positions of the secondary crests. Also, since the crests of the curve 
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remain sharply pointed, very accurate measurements of the shift can 
be obtained. 

Besides the above experiments, the following facts were experimentally 
verified. First, the position of the pointed crests and therefore the 
accuracy of the atomic distance determinations are independent of the 
shape and condition of the specimen or the accuracy with which it is 
mounted on the spectrometer table. Second, the intensity of the reflected 
peaks increases approximately directly with the area of the specimen 
irradiated with x-rays, while the accuracy for any given intensity does not 
decrease with increase of the irradiated area of the specimen. 

It should be noted that although the atomic distance determinations of 
these experiments are of higher accuracy than those obtained in previous 
work of this kind, the experiments are only preliminary. Even higher 
accuracy can be readily attained by improving the apparatus. A very 
considerable increase in the intensity of the peaks of the rays reflected 
from the specimen can be obtained by increasing the irradiated area of the 
specimen, the area of the face of the x-ray bulb target, and the energy 
output of the bulb. This increased intensity would permit the use of a 
smaller ratio of width to length of the collimator tubes, thus enabling 
more precise location of the point of a crest. This increase in intensity 
would also extend the angular range at which the position of the pointed 
peaks can be located and therefore the accuracy of the atomic distance 
determinations since the crests are better separated at the larger angles. 

The chief advantage of this apparatus is that it makes it possible to 
analyze any kind of substance in the form in which it is produced, with 
high accuracy, and to determine the effect of any influence tending to 
change interatomic distances. 

In conclusion I desire to express my thanks to the staff of the Physics 
Department, University of Cincinnati, and especially to Professor S. J. M. 
Allen, for assistance. I am also indebted to the Liebel Florsheim Co. for 
the gift of the x-ray equipment and to Mr. P. B. Evens for his very 
skillful construction of the special apparatus. 


UNIVERSITY OF CINCINNATI, 
March 21, 1924. 
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A GENERAL QUANTUM THEORY OF THE WAVE- 
LENGTH OF SCATTERED X-RAYS 


By ArTHUR H. Compton 


ABSTRACT 


Corpuscular quantum theory of the scattering of x-rays.—The theory pre- 
viously presented! gave for the change of wave-length due to scattering, 
assuming each quantum scattered by a single free electron, 5\p =(h/mc) vers ¢ 
=.0242 vers ¢, where ¢ is the angle between the primary and scattered ray. 
This theory is now extended to scattering by bound electrons. If the scattering 
electron is not ejected from the atom, no energy is transferred and no change 
of wave-length occurs; but if the electron is removed, the change of wave- 
length must lie between 5Ag=A?(A,—A) and &, where A is the incident wave- 
length and A, the critical ionization wave-length for the scattering electron in its 
original orbit. If we restrict the theory by assuming that the final momentum 
possessed by the residual atom is that acquired during the absorption from the 
incident beam, of the energy hc/A, required to remove the electron from the 
atom, and that the electron, now free, receives the impulse resulting from 
the deflection of the quantum, the resulting change of wave-length is 5A= 
bAgt+bAr. Comparison with experimental results shows that the restricted 
theory accounts satisfactorily for scattering by the lighter elements and also 
for the scattering of tungsten rays by Mo if for heavy elements 6A; is taken to 
be zero. Criticism of the “tertiary radiation” hypothesis, which leads to the 
expression 5A = \?(A,— A), shows that it does not account for the large percentage 
of polarization, for the large relative intensity and for the homogeneity of 
the scattered x-rays. 


N recent papers the writer! and independently P. Debye? have devel- 

oped a quantum theory of the scattering of x-rays by light elements. 
This theory is based on the idea that an x-ray quantum proceeds in a 
definite direction, and is scattered by a single electron. The quantum 
loses energy due to the recoil of the electron, and is thus reduced in 
frequency. Measurement of the wave-length of scattered x-rays by the 
writer,® Ross‘ and Davis® have shown that at least in many cases scattered 
x-rays occur whose wave-length is changed by the theoretical amount. 
Moreover, electrons moving in the direction of the primary beam with 
about the velocity predicted for the recoiling electrons have been found 


1A. H. Compton, Bulletin Nat. Res. Council, No. 20, p. 19 (1922); Phys. Rev. 21, 
207 and 483 (1923) 

2 P. Debye, Phys. Zeits., Apr. 15, 1923 

8’ A. H. Compton, Bulletin N. R. C., No. 20, p. 16; Phys. Rev. 22, 409 (1923) 

4 P. A. Ross, Proc. Nat. Acad. Sci., July, 1923; Phys. Rev. 22, 524 (1923) 

’ Bergen Davis, Paper before section B of A. A. A. S., at Cincinnati, December, 1923 
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4 
by C. T. R. Wilson® and by Bothe.’ There is thus strong evidence that 
in some cases x-rays are scattered in essentially the manner described 
by the quantum theory. 

Very recently, however, Clark and Duane*® and Clark, Duane and 
Stifler® have shown the existence of a type of secondary radiation whose 
wave-length is altered more than this quantum theory demands. The 
lower frequency limit of this modified radiation is in many cases approxi- 
mately »y—yv,, where v is the frequency of the primary ray and », is a 
critical ionization frequency of the radiator. Moreover, when a series of 
radiators of increasing atomic numbers is used, there is a gradual increase 
in the displacement of the modified line from about the value given by the 
quantum formula when radiators of low atomic number are used, to a 
much larger value for radiators of higher atomic number. This result 
suggests that the writer’s quantum formula for the change of wave-length 
holds only in the case of scattering electrons which are effectively free,'® 
and it becomes important to extend the theory to the scattering of x-ray 
quanta by electrons that are bound within the atom. 

In extending the theory it seems desirable to present it first in a very 
general form; we shall then impose such restrictions as seem to be war- 
ranted by the experiments, and shall compare the resulting formulas 
with the data given by Duane and his collaborators. Finally, Clark and 
Duane’s interpretation of these modified lines as due to “‘tertiary radia- 
tion”’ excited by the photo-electrons will be briefly discussed. 


GENERAL THEORY OF SCATTERING BY INDIVIDUAL ELECTRONS 


If we retain the conception used in the original theory, that each 
x-ray quantum is scattered by an individual electron, two cases are to be 
considered, that in which the electron is not ejected from its atom, and 
that in which the scattering electron receives an impulse sufficient to 
eject it from the atom. . 

In the first case, evidence from x-ray spectra indicates that there is no 
rest_ng place for the electron within the atom after it has scattered the 
quantum unless it returns to its original orbit. The final energy of the 
atomic system is thus the same after .he quantum is scattered as it was 
before (the kinetic energy imparted by the deflected quantum to a body 


®C. T. R. Wilson, Proc. Roy. Soc. A 104, 1 (1923) 

7 W. Bothe, Zeits. f. Phys. 16, 319; 20, 237 (1923) 

8G. L. Clark and W. Duane, Proc. Nat. Acad. Sci. 9, 413,419 (1923); 10, 41 (1924) 

®G. L. Clark, Stifler and W. Duane, paper presented to Am. Phys. Soc. Feb. 23, 1924, 
privately communicated to the writer (see abstract in Phys. Rev. 23, 551, 1924) 

10 This was indeed emphasized in the original paper. 











170 ARTHUR H. COMPTON 


as massive as an atom being negligible), implying that the frequency of 
the scattered ray is unaltered. Scattering by this process would thus 
give rise to an unmodified line. 

In the second case, however, part of the energy of the incident quantum 
is spent in removing the scattering.electron from the atom, part is used 
in giving the electron and the ionized atom their final motions, and the 
remainder appears as the scattered ray. If we suppose that the primary 
beam is propagated along OX, and if the direction of the scattered ray 
defines the XOY plane, the following equations suffice to define the con- 
dition of the quantum, the electron and the ionized atom before and 
after the scattering occurs. 

Energy equation, 





he he 4 he in :( 1 1)+ tay 
—_=— — + me? | === _——- — : 
nN yy” & Vv 1-8? 2 (1) 
momentum equations, 
h Aly + phy + Pl (2) 
" = U p 2 3» 
h 
0 = rr m, + pm2 + Pm;, (3) 
0 = 0 + pe + Pn; ; (4) 
supplementary equations, 
p = mBc/+/ 1—B? ’ (5) 
Is? + mo? + no? = 1. (6) 


In these equations, 

\= wave-length of incident x-ray quantum; 

\’=wave-length of scattered quantum; 

\,=critical ionizing wave-length for scattering electron; 

h = Planck’s constant; 

c=velocity of light; 

m=rest mass of electron; 

Bc = final velocity of recoiling electron; 

p=fina' momentum of electron; 

M and V =mass and final velocity of recoiling atom; 

P=MV; 

l,, m,, 0=direction cosines of scattered quantum; 

ls, M2, N2=direction cosines of p; 

l3, m3, N3= direction cosines of P. 

We shall use also the following abbreviations: »=c/A=frequency of 
incident radiation; g=angle between incident and scattered quanta; 
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6=angle between incident quantum and p; y=h/mc=0.0242 A; 
a=h/mcdh; s=d/d\y; b=p/mce; B=P/mce; D=)*/(d,—X); 
F=y7(1—-l,)=y vers ¢; A=s(1+a—}as)—B(l;—B/2a). 

A straightforward solution of these equations, noting that }MV? is 
always negligible compared with the other terms of Eq. (1), gives for the 
change in wave-length, 

(7) 
b\=)’—A=[A/(1—A)] [a(1 —:) +5(1 — as) +B(Lils+ mim;—1; +B/2a]. 
Instead of solving directly for 8 it is more convenient to calculate the 
kinetic energy of the recoiling electron, which is given by these equations 
as 
1—a(lis +35?) + Bls+lilss+mimss — B/2a) | 


x (8) 
1+a(1—/,—s)+ B(1l3+mm;) } 


If the scattering electrons are free, the critical ionization wave-length 
is \,= ©, land the momentum imparted to the atom is P=0, in which 
case these equations reduce to 


b\ = F = ad (1-1) = y verse, (9) 





E= bo - 


and 
a vers ¢ 


Ey = hv{1—1/(1+a—al,)} = ho———— 


1+ a vers ¢ 


(10) 


These results are identical with those given by Debye and the writer for 
the scattering by a free electron. 

For a definite value of s the change in wave-length according to Eq. (7) 
is a minimum when all the impulse from the deflected quantum is 
absorbed by the atom. In this case 


ds = D = d?/(A—As) , (11) 


which is identical with the minimum wave-length change given by the 
tertiary radiation theory of Clark and Duane. Eq. (11) may be obtained 
by substituting the appropriate values of B, /; and m; in Eq. (7), but can 
be got more easily directly from Eq. (1), noting that the kinetic energy 
of the scattering electron is zero if the impulse all goes to the ionized atom. 

In the general case there is nothing to prevent all of the energy being 
taken up by the ejected electron, leaving in Eq. (1) Ac/X’ =0, or A’ = &. 
The complete quantum theory of scattering thus gives a possible wave- 
length range for the scattered ray between A+ )?/(A,—A) and ~. Wethus 
have precisely the same wave-length range for the secondary radiation as 
is predicted by the tertiary radiation theory of Clark and Duane, which 
also assigns a definite lower limit to the wave-length, but supplies no 
finite upper limit. 
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RESTRICTIONS SUGGESTED BY EXPERIMENT 


In view of the sharpness of the lines or bands observed in the spectrum 
of the secondary x-rays, it is clear that the momentum which the atom 
acquires is defined within rather narrow limits, that is B in Eq. (7) has a 
rather definite value. An exact prediction of the value of this momentum 
requires some knowledge of the atom’s internal dynamics and of the 
mechanism of interaction between the quantum and the electron. Thus 
a sudden impulse applied to the electron would result in a smaller mo- 
mentum imparted to the atom than would an interaction lasting for a 
considerable time interval, just as jerking a sheet of paper from under a 
book disturbs the book less than removing the paper more slowly. 
Lacking a sufficient knowledge of this mechanism to make a definite 
prediction, it is nevertheless of interest to study the result of certain 
plausible assumptions regarding the impulse imparted to the atom. 

Let us suppose for example that in removing the electron from the 
atom all of the work is done by the incident ray. The energy absorbed in 
this process is hc/d,, and since the absorption of this energy leaves the 
electron at rest outside the atom, the whole impulse, #/A,, accompanying 
the absorption of the energy, must be imparted to the remainder of the 
atom. Since the electron is now free, any further action of the radiation 
on the electron will not affect the atom. At the end of the process, the 
atom therefore retains the momentum P=//), in the direction of the 
primary beam. 

In Eq. (7) we have, therefore, B=P/mc=h/mcd,=as, 1;=1, and 
m;=0. On substituting these values, Eq. (7) reduces to 

6x =[A/(1—s)] [a(1—s) (1-—h) +5] 

=M(A.—-A) +7(1—-h) =D+F (12) 
=)?(X,—A) + (h/mc) vers p= d?(A,—A) — .0242 vers ¢. 
From Eq. (8) we find that the kinetic energy of the recoil electron is 
a(1—s)? vers ¢ 


E=h-: ; (13) 
1+a(1—s) vers¢ 





Solving the original equations, we find that the angle @ between the 
primary beam and the motion of the electron which recoils from a quan- 
tum scattered at an angle ¢ is given by 

cot 29 
ita—as- 
It will be seen that according to these equations the motion of the recoil 
electrons is not much affected by the constraining forces until s=X/A, 


tan@ = — (14) 
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becomes comparable with 1, in which case their energy is reduced. This 
result is supported qualitatively by the recent experiments of Bothe'! 
on the ranges of the recoil electrons ejected from different substances. 


EXPERIMENTAL TEST 


The experiments of Clark and Duane® and of Clark, Duane and 
Stifler®? have shown that the modified line or band excited by electrons of 
the s group always occurs at wave-lengths greater than \+)?/(A,—A). 
This is in complete accord with our general Eq. (7). It will be of interest, 
however, to compare also the displacement of the peak of the modified 
line with the value predicted by Eq. (12). 

Perhaps the most precise experimental data referring to the scattering 
of x-rays by electrons which are loosely bound are those” for the scattering 
of molybdenum Ka rays by carbon. In these experiments, for the rays 
scattered at 45°, 90° and 135°, the peak of the modified line was dis- 
placed (0.0242 vers g) A within a probable error of about +0.001 A. This 
is exactly the displacement F predicted by Eqs. (7) and (12) for free 
electrons. 

The extensive data of Clark, Duane and Stifler are presented in Table I. 
This table includes only those lines for which the experimental curves are 
available and for which the positions of the peaks of the modified lines 
can accordingly be determined. Clark and Duane® have published also 
the short wave-length limits of certain other modified lines, which agree 
very well with Eq. (11). In the column describing the origin of the 
modified line, the symbol MoKe-f indicates that the line is due to molyb- 
denum Ka rays scattered by free electrons, the symbol MoKa-AIK 
indicates that molybdenum Ka rays are scattered by electrons in the K 
energy level of aluminium, etc. 6A(obs) is in every case the observed 
wave-length difference between the peaks of the modified line and of the 
unmodified line excited by the same primary ray. 

It will be seen that every observed line except one is accounted for by 
this form of the quantum scattering theory. The one exception is found 
in the case of rock-salt, where a line (A=0.823 A) occurs between the 
theoretical positions of the MoKa—NaK and the MoKa—AIK lines. 
The fact that this line does not alter its position as the angle of scattering 
is changes from 90° to 135° in the manner characteristic of the modified 
lines indicates that it is not a true modified line but has some other origin. 

When the lighter elements are used as radiators, it will be found from 
this table that Eq. (12), 5\=D-+F, predicts the peak of the modified line 


 W. Bothe, Zeits. f. Phys. 20, 237 (1923) 
2 A. H. Compton, Phys. Rev. 22, 409 (1923) 
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within experimental error. The only serious departure from this value is 
observed in the case of the tungsten K rays scattered by molybdenum. 
In this case the displacement approaches the value 6\=D, given by 
Eq. (11). As we have seen, this means that when the scattering electron 
is ejected from an atom in which it is tightly bound, most of the impulse 


TABLE I 


Wave-length change of modified lines 
(Data of Clark, Duane and Stifler)*? 











Radi- Angle Origin 5\(obs) 5A (calc) Nature of line 
ator peak peak(D+ F); limit D 
Li 135° MoKa-f .035A .041 0 unresolved from Ka 
a 90 MoKa-f . 030 .024 0 partially resolved 
Ice 90 MoKa-f .025 .024 0 partially resolved 
Al 90 MoKa-AIK .094 .093 . 069 rather sharp 
Al 90 MoK@s-AlK  .067 .078 .054 unresolved from Ka 
NaCl 90 MoKa-NakK_ .058 .070 .046 
MoKs-CIK 137 130 eo eameniiwed Gentes 
NaCl 135 MoKa-NakK_ .073 .087 .046 
MoKg-CIK 152 147 a enetaNne Cauiiet 
NaCl 90 unknown ; A= .823A* 
NaCl 135 unknown A= .823A* 
c 90 WKa-f .023 .024 0 faint, unresolved 
Cu 90 WKa-f .028 .024 0 ’ 
WKg-CuK  .053 051 a caer Sees Soe 
Mo 90 WKa-f .024 .024 0 unresolved 
Mo 90 WKaMoK _ .106 . 130 . 106 rather broad 
Mo 90 WKB£-Mok __ .081 .103 .079 rather broad 
La 90 WKea-f .021 .024 0 faint, unresolved 








*Wave-length unaltered as ¢ changed. 


is transferred to the atom before the electron escapes—a result which 
might have been anticipated. The quantum theory of scattering in its 
general form is therefore adequate to account completely for the wave- 
lengths of the medified lines observed from the heavier as well as the 
lighter elements. 


THE ‘“‘TERTIARY RADIATION’ HYPOTHESIS 


To account for the wave-length of the modified lines which they 
observed, Clark and Duane have suggested" the hypothesis, mentioned 
above, that these rays are produced by the collision with the surrounding 
atoms of the photo-electrons ejected by the primary x-rays., A similar 


13 G. L. Clark and W. Duane, Proc. Nat. Acad. Sci. 9, 422 (1923) 
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view was at one time defended also by the writer.“ Since the kinetic 
energy of the photo-electron is h(v—v,), the maximum frequency of the 
x-rays which they can excite is »’ =vy—y,. This corresponds to a minimum 
wave-length greater than the primary by D=)*/(A,—X), identical with 
that given by Eq. (11). 

Although we have seen that this value of the minimum wave-length is 
in satisfactory accord with experiment, there are other considerations 
which seem to make the hypothesis untenable. 

(1) Polarization of the secondary x-rays. Under the best conditions, 
for the rays emitted at 90° with the motion of the impinging electron, 
experiment” shows that not more than about 25 per cent of the x-rays 
produced when a cathode electron traverses matter are polarized. 
Since the photo-electrons responsible for the tertiary radiation are ejected 
through a wide range of angles, the x-rays which they excite should be 
even less strongly polarized. It is found, however, that the secondary 
x-rays from light elements at right angles with the primary beam contain 
not more than perhaps 2 per cent of unpolarized x-rays.’* Since the 
spectrum of the secondary rays from these substances shows a large 
fraction of the energy in the modified ray, it follows that the modified 
ray at right angles with the incident beam is nearly completely polarized. 
This fact is not consistent with the hypothesis of tertiary radiation. 

(2) Energy of the secondary x-rays. In the case of the secondary 
x-rays from carbon, excited by the Ka line from molybdenum, the 
spectra show that about 2/3 of the energy lies in the modified ray. 
Hewlett has shown,'’ however, that in this case the total energy in the 
secondary beam corresponds to a mass scattering coefficient of 0.20, 
in accurate agreement with the simple electron theory of scattering. 
Since the mass absorption coefficient of the molybdenum Ka line in 
carbon is about .055, this means that 36 per cent of the energy removed 
from the primary beam reappears as secondary x-rays, or about 24 per 
cent as modified rays. Even if we suppose that all of the energy removed 
from the primary beam is initially transformed into photo-electrons, this 
means that the efficiency of production of x-rays by the impact of these 
photo-electrons must be 24 per cent. Experiment shows,'* however, 
that the efficiency of production of x-rays by electrons traversing carbon 


4 A. H. Compton, Phil. Mag. 41, 762 (1921) 

1 C, G. Barkla, Phil. Trans. 204, 467 (1905); et al. 

1% A. H. Compton and C. F. Hagenow, Phys. Rev. 18, 97 (1921); Journ. Opt. Soc. 
Am. April 1924 

17C, W. Hewlett, Phys. Rev. 20, 688 (1922) 

18 Cf. summary by Bergen Davis, Bull. Nat. Research Council No. 7, p. 415 (1920) 
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with the velocity of these photo-electrons is considerably less than 
0.1 per cent. It follows that no appreciable fraction of the modified rays 
in this case can be due to tertiary radiation. On the other hand, the 
agreement of Hewlett’s experiments with the theoretical scattering 
coefficient loses its significance unless the modified as well as the unmodi- 
fied rays are truly scattered. 

(3) Width of the modified lines. In Ross’s spectrum!’ of the Ka line of 
molybdenum as scattered by paraffine at 55°, the modified a; and az 
can be distinguished, though they differ in wave-length by only .004 A. 
This implies a sharpness of the modified line which is quite inconsistent 
with the view that the peak is merely the maximum of a band of general 
radiation produced by the impact of cathode rays. 

These considerations are, however, all in agreement with the idea that 
the modified line is a type of truly scattered rays. In view of the fact 
that the wave-length of these lines can be satisfactorily accounted for 
by the quantum theory of scattering, and especially in light of the 
experimental evidence for the existence of the recoil electrons, it is very 
difficult to avoid the conclusion that the modified rays observed in the 
spectra of secondary x-rays result from the scattering of whole quanta by 
individual electrons. 


RYERSON PHysICAL LABORATORY, 
UNIVERSITY OF CHICAGO 
March 29, 1924 


19 Reference is made to an unpublished spectrum shown before the A. A. A. S. and 
Am. Phys. Soc. in December, 1923; see Phys. Rev. 23, 290 (1924) 
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A QUANTUM THEORY OF THE IMPULSE RADIATION 
By FraANK W. Buse 
ABSTRACT 


A quantum theory of the impulse radiation.—Evidence is presented which 
indicates that the quantum ejects the photo-electron by a sideways impulsive 
action in the direction of the ‘electric force.’’ It is therefore assumed that 
a similar sideways reaction perpendicular to the direction of emission of the 
quantum acts on the cathode electron during the creation of the quantum. 
From this it follows that the frequency of the radiation emitted at an angle ¢ 
with the cathode beam cannot exceed the value v» =m? sin’ /|2h./1—p? 
(1—8 cos ¢)] where fc is the velocity of the cathode electron; hence the forward 
radiation exceeds the backward in hardness, in agreement with observation. 
Assuming the “‘electric force” of the quantum is determined by the sideways 
impulse acting in the creation of the quantum, results for polarization are 
obtained which agree with those of the wave theory and hence with observation. 
The problem of intensity distribution of the radiation from a target is a statisti- 
cal one which will be treated later; but it is shown that the results of Stark and 
Loebe are in accord with this theory. The quantum is supposed to be a tiny 
corpuscle which undergoes a sideways cyclic vibration as it proceeds. This 
theory is seen to include a momentum relation as well as the Einstein photo- 
electric relation. It agrees in most formal results with Sommerfeld’s wave 
theory. 


INTRODUCTION 


-{ ‘HEcorpuscular theories of radiation which have been so far proposed , 
have all lacked the essential feature of a momentum relation. The 
chief support for these theories has been the phenomena covered generally 
by the Einstein photo-electric equation. This equation gives us informa- 
tion on frequency and energy phenomena, but we cannot expect a relation 
concerned only with energy to supply a complete dynamical basis for a 
corpuscular theory of radiation. 

One of the most outstanding defects of corpuscular theories is their 
failure to explain polarization phenomena. In addition to this they do not 
account in as definite a manner as the wave theory for the fact that the 
x-radiation emitted from the forward side of a thin target bombarded 
normally by cathode rays, exceeds the backward radiation both in fre- 
quency and intensity. While corpuscular theories might suggest a 
maximum intensity in the forward direction, they have not so far required 
a maximum at about 60°, as Stark finds to be the case. 

In striking contrast to this lack of success of the corpuscular theories, 
the wave theory in the hands of Sommerfeld! has given a rather complete 


1 A. Sommerfeld, Phys. Zeitschr. 10, 969 (1909) 
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description of these various effects. It is true that the pulse theory, on 
which Sommerfeld based his explanations, has for excellent reasons been 
abandoned by most physicists. Nevertheless a critical examination of 
Sommerfeld’s theory (or in fact almost any of the classical wave theories, 
for example, J. J. Thomson’s theory of the scattering of radiation) cannot 
fail to impress upon one the remarkable power of the wave conception of 
the “electric force.”’ It is by aid of this “electric force’? that wave 
theorists are able to explain polarization phenomena, and to supply a 
dynamical basis for their theories. 

Now there is no fundamental reason why corpuscular theories may not 
make use of this very potent conception of the ‘electric force.’”’ We 
might assign a sideways vector property to a corpuscle of radiant 
energy. If the properties of this sideways vector are judiciously defined, 
we may hope to explain polarization phenomena and even to make an 
attack on interference phenomena. A number of formal reasons might 
be urged for this view but certain new physical evidence may be cited 
which points in a very definite manner to the quantum as possessing a 
sideways vector property. 

By the cloud expansion method the writer has recently photographed 
the tracks of photo-electrons ejected from ain by plane polarized x-rays. 
These photographs show? that most of the photo-electrons are ejected 
nearly parallel to the electric vector of the polarized beam. If we choose 
to regard the quantum as a corpuscle, evidently, in view of this effect, 
we cannot regard it as a scalar bundle of energy. The writer has pro- 
posed? instead a theory based on the postulate that the quantum imparts 
its energy to the photo-electron by agency of a sideways impulse which 
acts in the direction of the electric vector of the radiation. By taking into 
account the forward momentum hyv/c of the quantum and also the initial 
momentum of the electron in its atomic orbit, formulas were set up which 
explain in a simple way both this effect and the Mackenzie‘ effect. 

This view of the ‘‘vector quantum” is further confirmed by photographs 
published recently by C. T. R. Wilson.® These photographs show strange 
pairs of associated photo-electron tracks, both starting near the same 
point in the beam of x-rays and having about the same range. Nowif the 
photo-electron is ejected by a sideways impulse it seems natural to look 


?F. W. Bubb, Phys. Rev. 23, 137 (1924) 

3’ F. W. Bubb, Washington Univ. Stud. 11, Scientific Series, p. 161 

4 Mackenzie, Phil. Mag. 14, 176 (1907). This effect consists in the fact that the 
forward photo-electric current from a thin film traversed normally by high frequency 
radiation exceeds the backward current. 

5 C. T. R. Wilson, Proc. Roy. Soc. 104, Fig. 22, Pl. 12, (1923) 
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for evidence of an equal and opposite reaction impulse. We might 
suppose the quantum to exert its sideways impulse upon one electron and 
its equal and opposite reaction impulse upon another electron® and con- 
sequently divide its energy about equally between the two. In this way 
we should get just such pairs as Wilson finds. Wilson states that there 
is a great tendency for the line joining the points of origins of the two 
members of a pair to be nearly perpendicular to the primary x-ray beam. 
This observation is in accord with the present view. 

The shift recently discovered by A. H. Compton’ in the spectral lines 
due to the scattering process and his explanation of this effect on the 
basis of the scattering of one quantum by one electron, furnishes a firm 
foundation for a corpuscular theory of radiation. Compton’s “quantum 
scattered by a single electron’”’ cannot without a most uneconomical 
stretch of the imagination, be conceived as having anything whatever to 
do with a spreading wave. The ‘quantum hypothesis of scattering”’ 
points directly tothe quantum as being confined within very tiny bound- 
aries which do not widen as the quantum proceeds. Surely this can have 
nothing to do with a homogeneous luminiferous aether, but on the con- 
trary points to the quantum as a corpuscle. On this basis Compton,’ 
Davis*® and Ross’ have measured in the most direct dynamically con- 
ceivable fashion the momentum hyv/c of this corpuscle. 

Finally the arguments of Thomson, Einstein, Bragg and others for a 
corpuscular (or semi-corpuscular string) theory of radiation are well 
known. While most of the actual theories proposed have been abandoned 
even by their inventors, it is pertinent in the present connection to point 
out that in general the arguments presented by these theorists are still 
valid in almost all respects. The phenomena underlying these arguments 
have never been explained by the wave theory and in fact some of the 
phenomena have been judged to be incapable of explanation on a wave 
theory.!° 

In view of this evidence and these arguments and in the hope of supply- 
ing a corpuscular analogue for the very useful “‘electric force’’ of the wave 


6 On the other hand, if an atomic nucleus suffers the reaction impulse, since its mass 
is of the order of 2000 times that of the electron, it should receive a kinetic energy of 
the order of 1/2000 of that of the photo-electron. In this case we should expect to ob- 
serve only one track—the ordinary case. ; 

7A. H. Compton, Phys. Rev. 21, 484 (1923) 

8 Bergen Davis, Paper before the A. A. A. S. and Am. Phys. Soc., Dec. 28, 1923 

®P. A. Ross, Nat. Acad. Sci. Proc. 9, 246 (July 1923) 

10 Thus R. A. Millikan remarks in effect (‘“The Electron” p. 230) that Einstein's 
photo-electric equation (deduced from a corpuscular point of view) now stands a per- 
fect structure without visible means of support (from the wave theory). 
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theories, the following hypothesis is proposed. The quantum of radiant 
energy hv is a ‘‘vector quantum’”’ or concentrated corpuscle, proceeding with 
the velocity of light, possessing the forward momentum hv/c, and possessing 
the vector property, which it maintains constant in direction as it proceeds, of 
imparting its energy by a sideways impulse. We suppose this vector property 
to be imparted to the quantum during the process of its creation (emission). 

By aid of these ideas we may set up a quantum theory of the impulse 
radiation which agrees in essential particulars with observation and in 
most formal results with the wave theory. 


OUTLINE OF THE THEORY 


Suppose that high speed electrons proceed in the direction OX (see 
Fig. 1) and impinge upon a thin target at O. We know from observation 
that high frequency radiation is emitted from the target in all directions 
(with certain asymmetries to be discussed later). From the observation 
that the highest frequency quantum emitted under these circumstances 
has an energy content equal to that of a single cathode electron, we infer 
that in this case the quantum is produced by a single cathode electron. 





CATHODE 
ELECTRON 








Y 


Fig. 1. The momentum relations involved in the emission of a single quantum of 
radiant energy. 


We extend this inference and assume that each individual quantum, 
whether it be an ‘‘end quantum”’ or one of lower frequency, is produced 
by a single cathode electron. 

Observation shows that in some cases cathode rays go right on through 
a thin target without producing radiation. Since the target consists 
entirely of atomic nuclei and electrons, we infer that those cathode elec- 
trons which do produce radiation act in conjunction with either an 
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atomic nucleus or another electron. We shall regard the coupling between 
the cathode electron and atomic nucleus (or another electron) as subject 
to the laws of dynamics and shall make clear the present view of this 
coupling action by use of Fig. 1. 

Let O be the point at which the cathode electron and the nucleus or 
electron cooperate to produce a quantum of radiant energy. Let OC be 
the initial momentum of the cathode electron. Let OP be the direction 
of emission of the quantum and OA its forward momentum hy/c. Let 
AB be the final momentum of the cathode electron after emission of the 
quantum. Finally in view of the evidence which has been previously 
presented to show that a quantum which ejects a photo-electron imparts 
its energy to the photo-electron by means of a sideways impulse, we now 
assume that im the process of the emission of a single quantum of radiant 
energy an impulse CB whose direction is perpendicular to the direction of 
propagation of the quantum acts upon the cathode electron producing the 
quantum. By the principle of the conservation of momentum we write 
the vector equation 


OC=O0A+AB+BC. (1) 


It should be noted in Fig. 1 that we require the impulse BC only to be 
perpendicular to OA; hence BC lies in a plane (call it @) through C 
perpendicular to OA, which intersects OA at P. In general then the point 
B and the vectors BC and AB do not lie in the XOZ plane. 

Eq. (1) concerns only the cathode electron and does not involve directly 
the cooperating nucleus orelectron. The sideways impulse we suppose to 
be the coupling action between these, or more definitely, we suppose the 
impulse CB to have its equal and opposite reaction upon the cooperating 
nucleus or electron. If this be the case, then part of the energy of the 
cathode electron is delivered to the nucleus or electron by the impulse. 
We therefore propose the following modification of Einstein’s photo- 
electric equation. 


1 1 
me(— — ) = hv-+- me:( — ) +E. (2) 
V1—-—-2 V 1—Be? 

In this equation the left side represents the initial energy of the cathode 
electron where m is its rest mass and fc its velocity. The right side has 
three terms; the first gives the energy of the quantum, where / is Planck’s 
constant and » is the frequency of the quantum; the second term gives 
the energy remaining in the cathode electron after emission of the quan- 
tum, where {yc is its final velocity; and the third term gives the energy 
E delivered to the cooperating nucleus or electron. 
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This energy E needs some discussion. In the first place if the nucleus 
acts with the cathode electron to produce the quantum we should 
expect E to be very small. For, although the momentum of the nucleus 
may very well be of the order of magnitude of the momentum of the 
cathode electron, since its mass is comparatively so much greater, its 
velocity and kinetic energy can only be of the order of 1/2000 of that of 
the cathode electron. On the other hand if an electron suffer the reaction 
impulse, the case is quite different. For, since the masses of this electron 
and the cathode electron are equal (neglecting relativity corrections),we 
should expect the kinetic energy of this electron to be of the same order 
as that of the cathode electron. 

Let us assume for the present that the reaction to the impulse CB has 
its seat upon a heavy nucleus and that £, the energy delivered to the 
nucleus, is negligible. Eq. (2) above then becomes 

mc? mc? 


——— = hy+———___ (3) 
V 1-6 V 1—Bo? 





Let hv be assigned. This fixes the length of the vector OA which 
represents the momentum hy/c of the quantum. If the speed of the 
cathcde electron be given, it is easy to show by Eq. (3) that the momen- 
tum AB of the cathode electron after emission of the quantum is 


mBoc — 2mhv h?v? 





490m - i meee (4) 
V 1—Be? 1-B V1-—8 c 

We have already postulated that the impulse BC isin plane 2 through 

C perpendicular to OP. Consequently, since A is an assigned point, 

AB a determined length and (a fixed plane, it follows that the locus of B 

isa circle on plane 2 of center P. The radius PB of this circle is given by 





FD 0 sag ~ eo lt—Pome) (5) 
= ———~ sin? ¢ — ———— (1—-Bcos®¢) . 5 
1-6 Vi-8 
By aid of these equations we may now consider the frequency pheno- 
mena. 


FREQUENCY PHENOMENA 


The radius PB, see Eq. (5), varies as we assign different values to ». 
The maximum value which PB may have is PC, corresponding to which 
vis zero. The minimum value which PB may have is zero, corresponding 
to which » is given by 

mB?c? sin? ¢ 


= 2hv/1— B? 1—8 cos @ 





(6) 
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As the frequency of the radiation increases from zero to vo, the radius PB 
decreases from PC to zero. Corresponding to PB =0 it is easy to see that, 
in general, OA OP and that AB=AP, since B coincides with P (which 
means that the electron after emitting this frequency quantum, proceeds 
either exactly in the direction of the quantum or exactly opposite thereto). 
It we attempt to assume a larger quantum than that given by Eq. (6), it 
turns out that the momentum vector AB is less than AP and consequent- 
ly the momentum relations cannot be satisfied. We therefore assert that 
the radiation emitted at the angle ¢ must have its frequency within the 
range zero to Vo. 











CATHODE, 
ELECTRORS 


Fig. 2. Polar graph of the frequency range. The radius vector gives the maximum 
frequency of the radiation emitted at the corresponding angle. 


Fig. 2 shows a polar graph of Eq. (6). The length of the radius vector 
at the angle ¢ represents the frequency range (0 to vo) which may be 
emitted at the angle ¢. Several curves are shown corresponding to dif- 
ferent speeds of cathode electron. 

These curves bring out several results worthy of note. In the first 
place, the curves are not symmetrical on the forward and backward sides 
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of the target. If we compare the maximum frequency emitted at the 
forward angle ¢ with the maximum frequency emitted at the symmetrical 
backward angle 180°— ¢, we find the forward radiation harder than the 
backward in the ratio (1+8 cos @)/(1—8cos @). Furthermore, as the 
speed of the cathode electrons increase, the asymmetry becomes greater. 
These results agree with the observations of Stark," Loebe, * Wagner," 
Friedrich" and others. 

The “end radiation,’ corresponding to the maximum possible fre- 


? 


quency where hy,=mc?(1/V1—6?—1)=the total energy of a single 
cathode electron, is only emitted at the single definite angle ¢,. This 
angle ¢, corresponds to dvy,./d@=0 and is given by 


cos ¢ =(1—+/1—8?)/B . (7) 
Since the angle ¢, is always less than 90°, it appears that the ‘‘end 
radiation”’ is only emitted on the forward side of the target. Further- 
more, the higher the speed of the cathode electron, the more nearly 
directly forward the ‘‘end radiation’”’ becomes. On this point the present 
theory disagrees with Sommerfeld’s theory. For Sommerfeld explains 
the fact that the forward radiation exceeds the backward in frequency as 
due to a Doppler effect—the emitting cathode electron moves forward as 
it radiates. Now in the “end radiation” all the energy of the cathode 
electron is given to the quantum and none is left for the radiating electron. 
Hence in this case the electron cannot be moving forward as it radiates 


‘ 
- 
+} 
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and no Doppler effect can exist. 

The present theory agrees in essential particulars with such general 
observations on the frequency of the impulse radiation as are available. 
So far as the writer is aware, the complete spectrum of the impulse radia- 
tion for all angles has not been determined experimentally, and a detailed 
test of the present results is not available. It is certain that in a test of 
the present theory extremely thin targets must be used or scattering 
within the target may so modify the spectrum as to destroy the value 
of the test. 
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POLARIZATION PHENOMENA 
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‘ The term “electric force’’ derives most of its present significance from 
4 the wave theory. On a corpuscular quantum theory this term needs 


uJ. Stark, Phys. Zeitschr. 10, 902 (1909) 

2 W. W. Loebe, Ann. der Phys. 44, 1033 (1914) 

13 E. Wagner, Report on the Continuous X-Ray Spectrum, Jahr. d. Rad. Elek. 16 
(Dec. 1919) 

MW. Friedrich, Ann. der Phys. 39, 377 (1912) 
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definition. We shall adopt the view in the present discussion that the 
impulse which enters in the creation of the quantum and which acts perpen- 
dicular to the direction of propagation of the quantum (the impulse CB in 
Fig. 1) defines the direction of the “‘electric force’’ of the quantum. That is, 
we suppose the plane parallel to the impulse CB and through the line of 
propagation of the quantum to be the plane of the electric force. We 
further suppose this plane to remain fixed so long as the quantum does 
not pass through matter. We do not suppose that when a quantum is 
absorbed, producing a photo-electron, it exerts an impulse on the photo- 
electron equal to the impulse entering into its creation, but simply that 
the photo-electric impulse is parallel to the emission impulse. The 
magnitude of the photo-electric impulse which a particular quantum 
may exert would seem to depend on the circumstances in which the quan- 
tum finds the photo-electron. 

Before considering the results of the present view, let us make for 
comparison a short review of the principal results of the wave theory 
concerning polarization phenomena. In particular let us consider the 
theory of Sommerfeld! and that of Rubinowicz.” 

Sommerfeld’s theory is based on the classical view that an electron 
radiates whenever it changes velocity. Thus when a cathode electron 
impinges upon a target, it is retarded and radiates. There is set up a 
disturbance in the aether which proceeds outward with the velocity of 
light in all directions. At a particular point in space the electric force 
varies in magnitude but remains constant in direction as the pulse passes. 
The electric force is confined to a plane through the point and the re- 
tardation vector of the electron, and is perpendicular to the line from the 
point to the emitting electron. 

The theory of Rubinowicz is based on the postulate: “If in a change of 
configuration of the atom, its momentum or moment of momentum alters, 
then these quantities are to be reproduced completely and unabated in 
the momentum or moment of momentum of the radiation.”’ In general 
(not as applied to line spectra where quantum considerations leading to 
the ‘‘Principle of Selection” are imposed) this theory gives the radiation 
as elliptically polarized at some angle to the ‘‘momentum axis of the 
wave.”’ As the pulse passes over a particular point in space the electric 
vector varies both in magnitude and direction. We may think of the 
electric intensity at a point as being represented vectorially by the rotat- 
ing radius of an ellipse whose plane is perpendicular to the line from the 
point to the radiating atom. 


1 A, Rubinowicz, Phys. Zeitschr. 19, 441 and 465 (1918) 
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On both these theories, then, the pulse due to a single quantum emis- 
sion sets up a varying electric (and magnetic) field at (sooner or later) 
every point in space. In considerable contrast to this, the present view 
regards the quantum as a corpuscle which can exert a force on an electron 
only in a single direction. However, we may still compare statistically 
the polarization of a beam of radiation on the three views provided that 
on the present view we regard a beam as consisting of a sufficiently large 
number of quanta to speak of an average distribution of electric vectors. 

We shall study first the radiation produced by constant speed cathode 
electrons at the constant angle ¢. Corresponding to a quantum of 
definite frequency v, the point B may lie anywhere on the circle of center 
P on plane Q (see Fig. 1). It is evident that the electric force of such a 
quantum must lie within the angle 2 w defined by tangents drawn through 
C to the circle. It is easy to show that the angle w is given by 


2hv»/1—B? (1—B cos ¢) 


mB2c*sin*o 





cos*w = (8) 

If a beam consisting of a large number of quanta of the same energy 
content proceeds at the angle ¢ we should expect to get their electric 
vectors all within the angle w on either side of the XOZ plane. If we 
resolve the electric vectors into components parallel to CP and per- 
pendicular thereto, it is obvious that we should get as a statistical result 
a greater force in the XOZ plane than perpendicular to it. The XOZ 
plane, the plane of the maximum electric force, is exactly coincident with 
the plane of the maximum electric force as given by the Sommerfeld 
theory and as observed by Barkla™ and others. 

The present theory differs somewhat from that of Sommerfeld in that 
the degree of polarization depends on the frequency of the radiation. 
For, at the constant angle ¢, as the frequency varies, the polarization 
angle w varies. The result of this is that the harder the radiation, the 
smaller the polarization angle w and the higher the degree of polarization. 
For low frequencies the electric force may be in almost any direction, but 
for high frequencies the electric force is confined within a very sharp angle. 
This prediction is in exact agreement with Kaye’s statement:!’ By 
“filtering out the soft rays from the primary beam by use of a suitable 
screen, the polarization can be doubled. Hardening of the primary x-ray 
tube, however, apparently diminishes the effect.”’ 


% C. G. Barkla, Phil. Trans. Roy. Soc. 204, 467 (1905) 
7G, W. C. Kaye, “X-Rays” p. 117 
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The results of the present theory do not conflict with those of Rubin- 
owicz in one important respect. If we identify his ‘momentum axis of 
the wave’’ with our direction of the cathode stream and take an average 
electric force in the XOZ plane and perpendicular thereto as we have done 
above, we find agreement in the comparative magnitudes of these two 
components. It should be noted that Rubinowicz’s spherical wave is 
symmetrical with respect to a plane perpendicular to the angular mo- 
mentum axis of the wave: No method has as yet been suggested for 
orienting these axes so as to give the observed asymmetrical emission in 
the impulse radiation. On the other hand, both Sommerfeld’s theory 
(by aid of the Doppler effect) and the present theory give a one sided 
emission agreeing with observation. 

Bohr,'*® by use of his ‘‘Principle of Correspondence,” obtains results 
similar to those of Rubinowicz. We shall therefore not discuss Bohr’s 
results except to remark that an element of uncertainty is intentionally 
introduced by the requirement that the polarization and intensity 
phenomena be only approximated by the classical theory. The classical 
theory is required by Bohr only to give good statistical results for these 
phenomena. — In the present case we are forced also to treat these phe- 
nomena statistically since we are unable to predict either the size of the 
quantum or the direction of its electric vector for an individual emission. 


’ 


INTENSITY PHENOMENA 


The present theory concerns itself with the individual quantum emis- 
sion and leaves the intensity distribution as a statistical problem. Before 
attempting a study of the intensity distribution, further information is 
needed as to the nature of the coupling impulse between the cathode 
electron and the cooperating nucleus or electron. Assumptions (we 
reserve these for a later paper) on the nature of the coupling may affect in 
a vital way such statistical matters as the intensity distribution without 
materially affecting the relations brought out above for the individual 
quantum emission. 

It is interesting to compare the curves giving (see Fig. 2) the frequency 
range 0 to v»» which may be emitted at various angles, with some intensity 
curves due to Stark." These curves were obtained by measuring photo- 
graphically the intensity of the impulse radiation in different directions 
from a thick carbon target. The radius vector represents the blackening 
of the film. These experimental intensity curves and the present theoret- 
ical frequency range curves have the same general shape and both show 
their maxima at angles less than 90° on the forward side of the target. 


18 N. Bohr, Kopenhagener Akademie, 1918 
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Since the frequency curves show it to be impossible to get radiation in 
the exact forward or exact backward directions, the decrease in intensity 
in these regions shown by Stark’s curves is of some interest. 

Loebe, by a method similar to that of Stark, has determined” the 
angle of maximum intensity corresponding to several voltages, and has 
shown that this angle decreases as the speed of the cathode electron 
increases. Loebe’s maxima of intensity show a truly remarkable agree- 
ment with the predictions of Sommerfeld’s theory. The angle of emission 
of the maximum frequency as given by the present theory shows a similar 
forward shift as the speed of the cathode electron increases, but the angle 
is uniformly greater than that of Loebe’s intensity maxima. 

It seems reasonable to expect a close connection between the dynam- 
ically possible frequency range for a given angle and the intensity of 
emission at that angle.'? The greater the frequency range the greater 
the intensity we should expect. A simple assumption would be that the 
intensity is proportional to the range of frequency. Besides giving general 
agreement with Loebe’s results, this is equivalent to the assumption that 
the final momentum vector of the electron after emission is directed at 
random, subject to the necessary condition that its vector AB end on the 
circle PB. Since we choose to ignore the nature of the reaction between 
the cathode electron and the atom upon which it impinges, this assump- 
tion seems to be the simplest which could be made. It may also be shown 
that this assumption leads quite reasonably to an initial slope for the 
“isochromats”’ (graphs of intensity against voltage across the tube for 
constant frequency) which agrees with the observations of Duane.” 
These points are mentioned, not with the intention of proving anything, 
but only to show that the present theory does not conflict with present 
observations on intensity phenomena. Corresponding to every plausible 
assumption which might be made as to the nature of the coupling impulse, 
a similar argument may be presented. 


FINAL REMARKS 


The present view of the “vector quantum”’ leads to a general agree- 
ment with observation on the phenomena of polarization and intensity. 
In many formal respects it agrees with the wave theories. It agrees with 


1? As a matter of fact the present theory does not require any connection whatever 
between the possible frequency range and the intensity at any angle. Simply because 
we have a possible frequency range at a given angle does not require the target to 
radiate at all in that direction. We may very well get an intensity distribution quite 
different from the frequency range curves. However, the fact of observation that these 
curves are quite similar is of some interest. 


20 W. Duane and F. L. Hunt, Phys. Rev. 6, 166 (1915) 
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the quantum theory on frequency phenomena. In contrast to the wave 
theory (but in no fundamental disagreement with Bohr’s ‘Principle of 
Correspondence’’) the present theory requires a statistical treatment of 
polarization and intensity phenomena. 

Perhaps the most interesting feature of the present theory (provided 
it is borne out by experimental tests) is its bearing on the problem of the 
mechanism of radiation. On the present view we may imagine the quan- 
tum as a tiny corpuscle which is undergoing a sideways vibration as it 
proceeds (for example a vibrating di-pole). There is nothing on the 
present view which prevents us from assigning a sideways cyclic variation 
in momentum to the quantum and accounting on the usual quantum 
(ff dp dq) basis for the fact that the vibrating radiant corpuscle possesses 
an “energy quantum.” In fact, the conception of a frequency as as- 
sociated with a corpuscle possessing an energy quantum hints strongly at 
a cyclic variation going on within the corpuscle. On this view then the 
mechanism of radiation is the “‘vector quantum” itself and not a wriggling 
ether. 


WASHINGTON UNIVERSITY, 
Satnt Louis, Missour!, 
March 6, 1924. 
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THE VARIATION IN THE RESISTANCE OF CARBON AND 
GRAPHITE WITH TEMPERATURE 


By BRADFORD NOYEs, JR. 


ABSTRACT 


Change of resistance of carbon and graphite with temperature, —190° to 
2000°C.—For the higher temperatures the specimens were kept in vacuum and 
heated by a current passed through them, temperatures being measured 
optically. Several specimens of untreated carbon filament made from braided 
silk, showed a resistance decreasing linearly with temperature, the ratio to the 
resistance at room temperature being equal to 1.07—.0002257, where T is 
temperature absolute. In the case of a metallized filament (‘‘Gem’’), the resist- 
ance decreased toa minimum for 400°C and then increased steadily. Acheson 
graphite, purified somewhat by heating, showed minimum resistance at about 
600° and then increased linearly. These results do not fit any law which has yet 
been proposed. Effect of air. Graphite in the presence of air at about 1/4 atm. 
pressure had a resistance at 500°C about 4 per cent lower than in a vacuum. 
This effect decreased with temperature, being absent at room temperature. 

Change of length of carbon rod at about 2200°C.—An increase in length was 
observed, which resulted in permanently bending the specimen. 


HE change in the resistance of different elements with temperature 

has been studied by a large number of different observers, but so far, 
no one has succeeded in proposing a theory of conduction which accounts 
for all of the observed facts. Theories have been proposed which account 
for the action of good conductors, and other theories account for the 
behavior of poor conductors. In view of this fact it has seemed particu- 
larly worth while to study the behavior of an element which lies between 
the so-called metallic conductors and the so-called insulators. 

Our knowledge of the variation of the resistance of carbon and graphite 
with temperature is particularly meager. 

Onnes and Clay! have studied the behavior of carbon from an electric 
lamp, but no mention is made of its manufacture or heat treatment. 
Somerville,? working in this laboratory (1910) carried a specimen from 
0° to as high as 1000°C in an electric resigtance furnace. Over this range 
the resistance seemed to decrease linearly with temperature. The most 
valuable work on carbon at higher temperature was done by Hansen.** 


1QOnnes and Clay, Leiden Communications, 107-c-1908 

2? Somerville, Phys. Rev. 31, 270, 1910. 

3’ Hansen, Trans. American Electro-chem. Soc. 15, 280 (1909) 
4 Hansen, ibid, 16, 329 (1909) 
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He has succeeded in carrying samples above 2100°C. Working before 
the days when the optical pyrometer had come into general use, Hansen 
calculated the temperature of the specimen from the energy input per 
square inch of surface, or assumed the temperature of the electric arc 
to be 3200°C and calculated the mean temperature from the temperature 
gradient, which he showed to be parabolic in shape. The accuracy of 
either way, it seems, would be subject to unknown sources of error. 
Hansen showed, however, that the resistance depends on the amount of 
crystalline carbon (graphite) present. This in turn depends on the 
previous heat treatment of the sample. A specimen heated to 1200°C has, 
when cooled, a resistance which is 91 per cent of the initial cold resist- 
ance. Heating to 1600°C reduces the cold resistance to 87 per cent of the 
initial cold resistance. 

While not so much work has been done on graphite, the results are very 
conflicting. For instance, Roberts,’ working on Ceylon natural graphite, 
found a positive temperature coefficient at ordinary temperatures, while 
Koenigsberger® found the resistance of a similar specimen decreased by 
one-half when the temperature was raised from —185 to 191°C. Roberts 
stated that many of his specimens “‘contain as much as 99 per cent of 
pure carbon” (graphite?). Hansen,‘ using artificial graphite (Acheson), 
found a minimum at about 1600°C, but does not describe his method of 
procedure in detail. Somerville? also did some work on graphite obtained 
from a lead pencil. The most recently published work, by Pirani and 
Fehse,’ describes in detail the manufacture of different specime,ns of 
graphite and the heat treatment. Specimens made from artificia silk 
had an ash content as low as 0.1 per cent. The density, however, varied 
from 2.12 to 2.26. These workers reported that the resistance of a speci- 
men when heated to 2000°C was only one quarter of its cold resistance, 
and the temperature coefficient was still strongly negative, reversing 
before 3000°C was reached. 


EXPERIMENTAL METHOD 


It was the purpose of the present investigation to carry specimens of 
carbon and graphite from low temperatures to the highest convenient 
temperatures. The same specimen of graphite has been observed from 
100° to 2100°K while carbon has been carried through a slightly greater 
range. 


5 Roberts, Phil. Mag. 26, 159 (1913) 
® Koenigsberger, Phys. Zeit. 6, 575 (1906) 
7 Pirani and Fehse, Zeit. f. Elektrochemie, 29, 168 (1923) 
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Preventing oxidation at the higher temperatures was by no means 
simple. The final successful arrangement of the specimen is shown in 
Fig. 1. The bulb, about ten inches in diameter, was made of Pyrex. 
Into the top of this bulb was inserted a finely ground stopper, through 
which were sealed four tungsten wires, two of which supplied current, 
while the other two were potential leads. The stopper was divided into 
two parts by a glass partition, which separated the positive and negative 
conductors to prevent arcs which tended to form in the occluded gases 
released in the neighborhood of the heated specimen. 
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Fig. 1. Mounting of specimen. 


The specimen was secured to the current leads by means of special 
copper clamps, reinforced by conducting cement, supplied by the General 
Electric Company. Fine tungsten wires ran from the potential leads to 
the specimen and were held in place by means of a slight amount of 


conducting cement. 

For high temperatures, the specimen was heated by means of an electric 
current passed through it. This arrangement did not prove practicable 
for ranges between room temperature and the lower limit of an optical 
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pyrometer. For these lower temperatures the specimen was similarly 
mounted in a small Pyrex tube, 3/4 inch in diameter, around which 
could be placed an electric furnace. 

For low temperatures the sample, mounted on the stopper of the 
bulb, was immersed in liquids of known temperature, such as liquid air 
and carbon dioxide snow and ether. 

The necessary vacuum was obtained by the use of a mercury condensa- 
tion pump, supported by a suitable fore-pump. Because of occluded gases, 
it was found necessary to run the pumps continually during a series of 
readings. Not only did a small amount of gas increase the probability of 
arcing, but it also affected thé conductivity of the specimen. This effect 
will be discussed later. 

At low temperatures, the temperature of the specimen was determined 
by the temperature of the liquids in which it was immersed. For inter- 
mediate range of temperatures, a platinum platinum-rhodium thermo- 
couple was placed in the furnace, in contact with the glass tube. Above 
650°C an optical pyrometer, with suitable absorbing screens, was used. 
The pyrometer and screens had been recently calibrated by the Bureau 
of Standards, and was checked at the melting point of aluminum by the 
author. At about 1200°C one of the screens was inserted. The readings 
with and without the screen checked within 5°C. 

As a check on the foregoing methods, several small samples of different 
crystals were mounted on the specimen in the large bulb. Observing these 
crystals through a low-power microscope and heating the specimen 
‘slowly, it was possible to obtain the resistance at temperatures corre- 
sponding to the melting points of these crystals. The resistances so 
obtained checked with the resistances and temperatures obtained by the 
other methods within 3°. 

A Wolff potentiometer (also used to measure the electromotive forces 
of the thermo-junction) was used to measure both the current through 
the specimen, and the potential difference across the ends. From these, 
the resistance of the sample was easily calculated. 

In order to correct for oxidation and other changes due to heating it 
was found necessary for the high temperatures to determine the ratio of 
the resistance of the specimen at a given temperature to that at room 
temperature frequently, so arrangements were made so that by throwing 
switches the resistance could be measured either with or without the 
heating current. While the resistance at room temperature actually 
became less during the experiments, probably due to a slow change to 
graphite when at high temperatures, this change is small, and by making 
a series of readings as quickly as possible may be minimized. Also plotting 
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the ratio of resistance to that of room temperature tends to make any 
error due to this crystal change even smaller. Thus it made little 
difference whether the measurements were made going up or coming 
down. In fact, the points shown in the following figures were obtained 
both going up and coming down, except at the temperatures at the 
upper end of the curve where measurements were only made as the 
temperature was increasing. 

The following sources of error were studied and correction applied as 
indicated. 

(1) It is known that glass whose index of refraction is 1.5, transmits 
only about 92 per cent of normal incidentslight. While the error in the 
temperature readings thus caused was small, a correction was nevertheless 
applied. The form of this correction may be found outlined in Burgess 
and Le Chatelier, “Measurement of High Temperature,’ page 336 
(1912). 

(2) It is known that carbon is a good “‘black body,” but it was thought 
possible that the temperature of the outside of the specimen might be 
quite different from the temperature of the center. However, observa- 
tions made on several carbon rods having small holes drilled in them 
showed that although these rods were mounted in air where they were 
cooled by conduction, the difference in temperature between the surface 
and the center was very small, and no correction was made. 


8.6 


RESISTANCE 





ENERGY - WATTS 
Fig. 2. Variation of resistance with input energy. 


(3) It will be noticed that the resistance of the graphite varies rapidly 
with temperature at room temperature, and it was observed that the 
small amount of energy (.01 watt) used to determine the resistance at 
room temperature, had quite an appreciable heating effect. The amount 
of energy sent through the specimen was varied and the resistance at 
zero energy found by extrapolation as shown in Fig. 2. 
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(4) The temperature of different points on the filament was found to 
be slightly different at high temperatures. To correct for this, a dozen 
different readings were taken at various points on the filament, and the 
results averaged. No such trouble was experienced below 700°C. 

(5) It was found also that the current through the specimen did not 
remain constant long enough to complete a set of observations. No 
way of overcoming this difficulty was discovered, and so observations 
were made as nearly simultaneously as possible. 


EXPERIMENTAL RESULTS 


Several specimens of untreated carbon filament were studied. These were 
made from braided silk and were supplied by the General Electric 
Company. While a chemical analysis was not made, it is thought that 
they were relatively pure carbon. The behavior of the specimens is 
indicated in Fig. 3, and it will be noticed that more than one specimen 
is included in the curve. 





+ 
Térerenature x /0* © Sane 


Fig. 3. Resistance of carbon as a function of temperature absolute. 


The large effect of pressure on the resistance of carbon is well known, 
‘and it was thought that the expansion of a single filament, held firmly in 
place, might be enough to invalidate the results. To overcome this 
difficulty a hair-pin filament, which was clamped to the two current leads 
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just below the end of the stopper, was first used. This, however, made 
necessary the use of as much as one hundred and seventy volts to produce 
the necessary temperature, and so caused more frequent arcs. Careful 
comparison of results obtained from hair-pin filaments and from speci- 
mens mounted as in Fig. 1 failed to show any discrepancy which might 
be attributed to this pressure effect. 

When heated above 2000°C, a definite change took place in the speci- 
men. This was indicated not only by a considerable change in the zero 
resistance, but also by a large permanent deformation of shape. 

Only one metallized filament ‘‘Gem’”’ (also supplied by the General 
Electric Company) was studied. Such specimens were probably com- 
posed of a mixture of carbon and graphite, together with some metal 
impurities. The results are illustrated graphically in Fig. 4. 





Fig. 4. Resistance of “Gem” metallized filament. 


Several specimens of graphite were studied, all being cut down from 
1/16’’ Acheson graphite rods. As to purity of these particular rods, 
the makers say, ‘‘The content of impurities of these electrodes is about 
1 per cent, the balance being 99 per cent pure graphitic carbon. Of the 
1 per cent impurities, the content is approximately 50 per cent silica and 
50 per cent a combination of iron and aluminum.” 

Specimens were prepared by cutting down these electrodes to rods about 
.8mm square and 15cm long. A specimen was then mounted in the glass 
bulb, and heated to between 2000° and 2200°C. At about this tempera- 
ture it was observed that the bulb blackened considerably. The speci- 
men was maintained at this temperature until no further blackening was 
observed. It was then removed and the bulb cleaned. The black deposit 
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on the bulb seemed to be metallic, as it dissolved in a mixture of hydro- 
chloric and nitric acids. It was thought that this metallic product was 
probably the iron which had vaporized at the high temperature. 

The behavior of the graphite is illustrated in the curve of Fig. 5. 
Again it will be noticed that the results obtained from several specimens 
are in good agreement. 

The difficulty of fluctuating currents was also experienced in the work 
on these specimens and to this is probably due a large part of the experi- 
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Fig. 5. Resistance of graphite as a function of temperature absolute. 


mental error. The error in temperature measurements is probably less 
than 5° up to 800°C, 15° from 800° to 1500°, and 25° at higher tempera- 
tures. 

The presence of the air in the tube was found to have considerable 
effect, particularly at about 600°C. At room temperature no change in 
resistance could be detected as the pressure in the tube was varied. 
At 600°, however, it was noticed that the presence of air (estimated as 
1/4 atmosphere) would decrease the resistance of the specimen about 
3 per cent. This decrease in resistance seemed to be a regular function ot 
temperature and not at all a linear function of the amount of air present. 
It is planned to do more work on this question in the near future. 
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DISCUSSION 


The results of the work on carbon, as illustrated by the curve in Fig. 3 
indicated that the resistance of carbon decreased almost linearly with 
temperature. This, obviously, does not fit the simple classical theory of 
resistance, in which the resistance varies inversely as the square root 
of the absolute temperature. Neither does it fit the expression derived by 
Bidwell 

p=A¢e ORT +aT) (1) 


Waterman,’ more recently, comes to the conclusion that the dependence 
of specific resistance on temperature is of the form 


b/T 
p=CT*e (2) 
Here a is a function of valence varying from .8 to 1.25. In order to test 
this relation we may differentiate this expression with respect to T and 


obtain 
1d 1 
a a a[ar-] ; 
p aT T? 


Hence, plotting (7?/p) (dp/dT) against T we should obtain a straight 
line. The results obtained fail to check the law. 

The change in the resistance of graphite, Fig. 6, gave a curve which 
reached a minimum at about 850°K. One sees by inspection that the 
resistance does not follow the classical law as the curve has both positive 
and negative slopes. 

Bidwell’ by differentiating Eq. (1) obtains the relation 


1 dp Q 


‘p dT RT? 


But when we plot the left hand member as ordinate against 1/7? as 


abscissa, as has been done in Fig. 6, considerable variation from a straight 
line is found. The low points are not plotted, partly because of lack 
of space, and partly because the slope is so great at this range and the 
points on the original curve are so few, that the results are not considered 
reliable. The points plotted are sufficient to show that the law does not 
hold. 

The equation of Waterman® does not seem to fit graphite any better 
than it does amorphous carbon. Plotting (7?/p) (dp/dT) against T, we 
find that the left hand member at first increases, then decreases, and 
finally becomes negative (see Fig. 7). 


8 Bidwell, Phys. Rev. 19, 447 (1922) 
* Waterman, Phys. Rev. 22, 259 (1923) 
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The results obtained for carbon by Somerville® are in very good agree- 
ment with the values obtained in this work, checking at 1000°C within 
less than 1 per cent. His results up to that point are probably more 
accurate than the present work. 

For graphite, the results are directly opposite from the results obtained 
by Roberts.° Koenigsberger® found the resistance of graphite at 191°C to 
be one half of that at — 185°C, whereas the present results give the ratio 
as .57, and this may be considered to be good agreement when the 
uncertain factor of purity of specimen is considered. 

The general shape of the curve plotted is in agreement with most 
other observers, but the minimum occurs at a lower temperature than 


Timrcea rune ~Ass. 
Watermasts Equation. 


Fig. 6. Fig. 7. 


Biowews Equarion 


that generally noted. Hansen,’‘ for instance, found the minimum to be 
at about 1600°C. However, he apparently failed to consider the change 
in resistance of his leads, which would tend to increase the temperature 
of the minimum, as would any metallic impurity of the specimen. Pirani 
and Fehse’ find a minimum even higher than that obtained by Hansen. 

Carbon was chosen for this study because it belonged to the so-called 
“variable” conductors, and it was hardly expected that any simple theory 
would account for its behavior. The results obtained indicate that the 
element fails to obey any law so far proposed. 

The writer wishes to express his appreciation to Professor Bidwell, 
under whose supervision the work was carried out, and to Professor 
Richtmyer for their kindly interest and helpful suggestions, and to his 
wife who tirelessly helped him obtain the necessary data. 

CORNELL UNIVERSITY, 


DEPARTMENT OF PHYSICS, 
March 23, 1924. 
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BOO'X. REVIEWS 


Relativity. A Systen atic Treatment cf Einstein’s Theory. J. Rice. Pp. XIV +397, 
Longman:;, Green and Co. 1923. 


Introduction Géorretrique a l’Etude de la Relativité. H. Marais. Pp. 340, 
Gau hier-Villars, 1923. 

Les divers Aspects de la Théorie de la Relativité. J. Vittey. Pp. 95, Gauthier- 
Villars, 1923. 

La Théorie de la Relativité d’Einstein et ses Bases Physiques. M. Born. Translated 
from the second German edition by F. Finkelstein and G. Verdier. Pp. 340, Gauthier- 
Villars, 1923. 

L’Idée de la Théorie de la Relativité. H. THirRING. Translated from the second 
German edition by M. Salovine. Pp. 186, Gauthier-Villars, 1923. 


(1) Professor Rice’s book presents an excellent sy.tematic treatment of both the 
special and general theories of relativity in such a form as to make them accessible to 
the educated layman, or the scientist in other fields, and to enable the student having a 
fair mathematical and physical preparation to follow the development of relativity from 
the time of Lorentz to the present. It affords an excellent approach to the ever-increasing 
number of articles on this subject appearing in the journals of both this and other coun- 
tries. 

The book is divided into three parts. Part I, consisting of the first seven chapters, 
contains an exposition of the restricted theory. The vectors and tensors used in the 
equations of motion and the field equations are introduced in a manner which readily 
allows their generalization into the vectors and tensors of the general theory. Under the 
heading ‘‘General Relativity,”’ Part II is devoted to the general theory as first developed 
by Einstein. The gravitational equations Gy, —}g,,G= —8a«7), are obtained as a con- 
servation principle, and the field equations are found by throwing Maxwell's equations 
into tensor form, while the last chapter of this part concerns itself with certain solutions 
of the equations, leading to the prediction of the three well-known phenomena capab!e 
of verification, and to the theory of gravitational waves advanced by Eddington. The 
final section, Part III, on ‘‘World Geometry” deals with the contributions of DeSitter, 
Weyl, and Eddington, and the later work of Einstein. Curvature of a manifold is dis- 
cussed, and the ‘‘cosmological”’ equations Gy, —agyy= —87«(T)\y—32xuT) are developed. 
This is followed by a comparison of the Einstein cylindrical and DeSitter spherical 
worlds. The last two chapters deal with the generalizations of Weyl and Eddington, and 
contain as an addendum an outline of the latest generalization, suggested by Einstein 
from the standpoint of the work of Eddington. 

(2) M. Marais has approached the subject of relativity from a geometrical stand- 
point. The first four chapters develop the concept of Euclidean space and apply it to 
the universe of Einstein and Minkowski, using as a definition, ‘‘A space of m dimensions 
is Euclidean if two points y determine one and only one distance which may be measured 
by a number, and if there exists a coordinate system co-extensive with the space, in 
which the square of the number which measures the.distance between any two points 
is an irreducible quadratic form, with constant coefficients of the differences of the 
coordinates of the points.”” Chapters 5 and 6 deal with the more general Riemannian 
spaces and their geometrical properties—such as parallel displacement, geodesic co- 
ordinates, general tensor analysis and curvature of a manifold. The last chapter applies 
these topics to the relativistic theories of gravitation of both Einstein and Weyl. 
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M. Marais has produced a very illuminating and satisfactory account of the geo- 
metrical side of the relativity theory. Whether or not his book should prove the best 
“introduction” depends on the tendencies of the reader; to the physicist it may well be 
recommended as throwing a different but valuable light on the field. 


(3) The first of the three parts into which the book by M. Villey is divided contains a 
review of four books and lectures on relativity: Einstein's ‘‘La Théorie de la Relativité, 
restriente and generalisée,”’ ‘‘La Géometrie et |’Expérience,’’ and “‘L’éther et la Théorie 
de la Relativité”’; and Eddington’s ‘‘Espace, Temps, et Gravitation.”” In the other two 
parts entitled the ‘Objective Aspect’”’ and the “Essential Content” of the theory, the 
author discusses in an easy manner diverse parts of both the special and general theory, 
Minkowski’s world, gravitation, simultaneity, duration, and the like. The book might 
well be called ‘‘Topics in Relativity,” for it offers a non-mathematical discussion of 
various points in the theory, with no attempt at a complete or systematic study. 


(4) Fully two-thirds of the book of Born is devoted to a non-mathematical exposition 
of the fundamental laws of mechanics and electrodynamics—the realm of physics which 
has led to the modern theory of relativity. Following the five chapters on these subjects 
is a chapter on the special theory of Einstein, which presents the main results of this 
theory as far as it is possible to do without extensive mathematical nomenclature. The 
remaining chapter is an entirely non-mathematical discussion of the general theory and 
its confirmations. 


(5) Thirring’s book, which has also appeared in English translation, is a popular 
exposition of the special and general theories written for the general reader possessing 
little or no scientific training. This and the preceding book suffer the great limitations 
imposed on any attempt to develop the relativistic theory without the use of the vector 
and tensor calculus. However, at least Born’s book should prove an interesting survey 
of the entire field for one who has mastered the mathematical side of the theory. 

H. P. ROBERTSON. 


The Mechanical Properties of Fluids.—This is a collective work by eight of Eng- 
land’s best qualified writers on the mechanics of fluids. Prepared primarily for engineers, 
it presents the basic equations concisely, derives useful formulas and applies them to 
many practical problems. It should have a place in the library of every physicist and 
engineer, since it is quite modern in treatment, and gives the choice results of the best 
recent researches. 

The first chapter, by Dr. Allen Ferguson, on liquids and gases, discusses the more 
general properties of fluids,—density, compressibility, surface tension, viscosity, osmosis. 
The treatment is judicious, critical, and comprehensive enough to be informing to all 
but specialists of exceptional thoroughness and discrimination. 

In the second chapter Prof. Horace Lamb, with the happy facility characteristic of 
his classical treatise, gives, in 45 pages, a resumé of the kinetics of an incompressible 
fluid, treating particularly streamline motion, vortex and wave motion, and the flow of 
viscous fluids. To the qualified reader the treatment is delightfully direct and simple. 
One misses, however, the recent developments in aerodynamics which Lamb is so capable 
of presenting. 

In Chapter III, A. G. Michell develops the equations of viscous flow in tubes and 
between parallel planes, then explains some methods of determining viscosity, especially 
by use of present-day viscometers which he describes. He gives the theory of lubrication 
of cylindrical and thrust bearings, furnishes photographs and drawings to illustrate them, 
and finally adds a bibliography of original works on viscosity and lubrication. 

Prof. A. H. Gibson furnishes the next three chapters, treating respectively the flow, 
the resistance, the elastic phenomena of natural fluids, Streamline and turbulent flow, with 
copious reference to H. C. Shaw and Osborne Reynolds, is treated; flow meters are 
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described; the effect of flow on heat transmission is discussed. The principle of dimen- 
sional homogeneity, with applications to heat transmission, to fluid resistance and to 
model testing is well presented. The effect of viscosity and elasticity in pipe lines, 
and the theory of wave transmission of energy complete these three interesting chapters. 

In Chapter VII, G. I. Taylor shows how to find the stress at each point of the cross- 
section of an elastic bar under torsional strain, from measurements of the bulge of a soap 
film stretched over a plane hole of the same size and shape as the cross-section of the 
twisted bar, and subject to a slight air pressure. The film apparatus is described, and 
test data are given for various rectangular and elliptic bars, hollow shafts, etc., which 
show that the method is accurate and useful. 

Chapter VIII on Wind Structure, by A. E. Geddes, presents the dynamical equations 
for certain typical forms of atmospheric movement, and compares the theoretical with 
the observed behaviour. Some only of the intricacies of the problems of wind structure, 
rather than their solutions, are placed before the reader. 

The principles of under water directional sending and receiving of sound waves are well 
treated in Chapter IX by C. V. Drysdale. Descriptions are given of many devices for 
submarine signalling, as used in war. He briefly describes Behm’s acoustic method for 
indicating, on a ship at full speed, the depth of water beneath. 

Chapter X, by F. R. Hunt, describes methods of finding the speed, drag and point 
pressure of projectiles; and presents the best modern results of tests. Brief equations for 
the reactions on a shell are given.—Pp. 362, Van Nostrand, 1923. 

A. F. ZAuM 


Time and Timekeepers, including the History, Construction, Care, and Accuracy of 
Clocks and Watches. WiL.isI. M1LtHaM.—The title of this book is unusually well chosen; 
for it epitomizes with great accuracy the contents of the entire volume. The title also 
implies—what is perfectly true—that the treatment is one which will interest not only 
the historian of science, the astronomer, and the physicist, but also the clockmaker, the 
navigator and the collector. 

Roughly speaking, the first ten chapters are devoted to the developmental history of 
our ideas of measuring time and of our instruments for indicating time, beginning with 
the noon-mark and the sun-dial, passing up through the clepsydra, the substitution of a 
weight for water as the driving power, the invention of the foliot balance, the verge and 
the crown wheel as a controlling mechanism, the invention of the main-spring, the 
substitution of the pendulum for the verge in 1658, giving us an essentially modern 
clock. Students of physics will be surprised to learn that the clocks of the 14th and 15th 
centuries had a daily error of something like two hours, and will therefore easily under- 
stand that the clocks of that period were valued mainly as ornaments or curious mech- 
anisms and that they carried only an hour hand, the minute hand being a superfluity. 

In the last fifteen chapters are traced the modern development of our best time- 
keepers. Here is told the story of the divergence of the watch from the clock, beginning 
with the invention of the main spring in 1500, the introduction of the balance wheel 
about 1675, followed by the use of the minute hand, and the improved escapement 
based on the detached lever (1750), which made the watch for the first time an instru- 
ment of precision. Here also will be found Harrison’s remarkable achievement in con- 
structing a chronometer having a daily error of the order of one second—a success which 
won for him the hundred thousand dollar prize offered by the British government— 
followed by the mercury compensation, the Riefler escapement, the invar pendulum and 
the élinvar balance wheel of Guillaume. No student of American history can fail to 
enjoy the sketches of the three pioneer cleckmakers, Eli Terry, Seth Thomas and 
Chauncey Jerome, or the remarkable development of some seven or eight of our great 
watch-making concerns whose marvellous time-keepers reflect the accurate automatic 
machines of their factories. 
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The whole work is splendidly illustrated. The chapter on the care and cleaning of the 
watch will hold the interest of any physicist and of any clever experimentalist. Five 
appendices at the end form a small, but veritable, encyclopedia of watches and clocks. 

The scientific viewpoint from which Professor Milham has written and the evident 
scholarship which he has brought to the task make the volume an important one for 
every physical laboratory.—Pp. 19+609, Macmillan, 1923. 

HENRY CREW 
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PROCEEDINGS 
OF THE 


AMERICAN PHYSICAL SOCIETY 


128th Meeting 
STANFORD UNIVERSITY, JUNE 26, 1924. 


The 128th regular meeting of the American Physical Society was held 
at Stanford University, California, on Thursday, June 26, 1924. The 
presiding officer was Professor P. A. Ross. It was decided to hold the next 
meeting at California Institute of Technology. The program consisted of 
seventeen papers of which abstracts are given in the following pages. 
An Author Index will be found at the end. 

D. L. WEBSTER, 
Local Secretary, 
Pacific Coast Section. 


ABSTRACTS OF PAPERS 


1. Soft x-rays. J. A. BECKER and E. L. Ross, California Institute of Technology. 
—Electrons fall through 200 volts, strike a target, and produce soft x-rays. The filament 
and target are completely surrounded by a cylinder with a rectangular gauze through 
which the radiation can fall on a radiator. The electrons ejected from this radiator by 
the x-rays are analyzed by means of a magnetic field and photographic plate. The cylin- 
der is made from 2 to 90 volts more negative than the filament so as to prevent any 
secondary electrons from falling on the radiator. All plates show a very strong sharp- 
edged band, whose width corresponds to the filament drop and whose high velocity 
edge equals the accelerating voltage, filament to target, within the experimental error— 
about 1 per cent. There are comparativeiy few electrons having velocities below 200 
and above 30 volts, but the number is greater, in general, the lower the velocities. Under 
the right conditions there appear definite lines in this region, which in the cases so far 
tried check with the established energy levels for the radiator material. These results 
lead to this conclusion: 100 to 200 volt electrons when stopped suddenly produce 
x-rays, a large part of whose energy is concentrated in the highest frequency allowed 
by the quantum theory. 


2. Theory of the width of the modified lines in the Compton effect. G. E. M. 
Jauncey, Washington University, St. Louis——The corpuscular quantum theory of 
scattering of x-rays (Phys. Rev. 21, 483; 22, 233) is extended by the following assump- 
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tions: (1) The energy hc/d of the primary quantum equals the sum of the energy 
hc/dg of the scattered quantum, the kinetic energy of the recoiling electron, the kinetic 
energy of the rest of the atom from which the electron is separated, and the energy of 
binding hc/d, of the electron; (2) the momentum of the primary quantum equals the 
vector sum of the momenta of the scattered quantum, the recoiling electron and the rest 
of the atom; (3) the momentum of the rest of the atom is equal to but in the opposite 
direction of that of the electron in its Bohr orbit (supposed circular) just before the 
primary quantum hits it. Ag now varies with the position of the electron in its orbit 
for a given angle of scattering ¢. The variation of \g=4Ag=4)osin § ¢ /(2h/mecr,) 
approximately. For Mo Ka x-rays scattered at right angles by the K electrons of C, 
5Ag = 0.064 A; while for those scattered by the L electrons 5Ag=0.021 A. Compton 
finds an experimental value of 0.027 A (Phys. Rev. 22, 409). 


3. On the simultaneous jumping of two electrons. Paut S. Epstern, California 
Institute of Technology.—It was pointed out by H. N. Russel and F. A. Saunders that a 
series found by them in the spectrum of calcium can be explained only by the assumption 
that two electrons of the calcium atom change their stationary orbits at the same time. 
The question arises whether the notion of such a double jump is in agreement with the 
principle of correspondence. To answer this a simplified model of an atom with two 
electrons is used, presenting the essential features of a real atom but accessible to a 
simple analysis. The principle of correspondence shows that the first consequence of an 
increasing coupling of the two electrons is the possibility of the following new quantum 
jumps: (1) jumps corresponding to a change of the azimuthal quantic number equal to 
0; (2) jumps corresponding to changes in the same number equal to +2; (3) simul- 
taneous jumps of two electrons. We should, therefore, expect the appearance of series 
of the Russel-Saunders type in those atoms in which the selection principle for the 
azimuthal quantic number breaks down. 


4. Preliminary note on series relations in the spectra of doubly ionised gallium and 
indium. J. A. CARROLL, California Institute of Technology.—Hot spark spectra of Ga, 
In, Tl and Hg have been photographed from wave length 4500 A upwards. The principal 
pairs of the doublet systems of Gayzzz and Inq; have been located and the homologies 
Cu; —Znyy —Gayyy and Agy —Cdy; —Inyyy established. In gallium the principal pair is 
A1495.2 — 1534.6 (6v= 1720). The outer electron is assumed to rotate in a 4-quantum 
orbit in the normal 1¢ state and the limits are approximately: 251400 (c), 184560 (7), 
186280 (2). In indium the principal pair is at \A1625.3 — 1748.8 (6v= 4350). The outer 
electron is assigned a 5-quantum orbit and the limits of the series terms are approxi- 
mately: 230000 (c), 172820 (m2), 168470 (,). There are several pairs of lines in both 
Ga and In having separations of 1720 and 4350 respectively, but the position of the 
diffuse series limits appears to be abnormal and is not yet definitely located. \1414.57 is 
probably 1S—2P in Gayr. 


5. Secondary standards of wave-length. Haro_p D. Bascockx, Mount Wilson 
Observatory.—The adopted system of secondary standards is under examination with 
the aid of refined methods and equipment. The importance of strict achromatism in 
projecting systems and in auxiliary spectrographs, the advantages of large scale photo- 
graphs and of simultaneity in the exposures to be compared, and the specifications for 
the sources of light for wave-length determinations, are discussed and illustrated. New 
preliminary values found for a selected list of lines in the red and green are on the 
average 0.008 A and 0.003 A smaller respectively than the adopted values in these 
spectral regions, partially confirming recent measurements made at the Bureau of 
Standards. Some possible causes for the observed differences are briefly discussed. 
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6. Arapid method for calculating the least squares’ solution of a polynomial of any 
degree. RAYMOND T. BiRGE AND JOHN D. SHEA, University of California.—This method 
does not involve the calculation of the moments. <A generalized formula has been 
deduced, giving the least squares’ value of the coefficient of x of a polynomial of the 
jth degree for equidistant values of x. This allows a one degree reduction, and hence, by 
repeated application, the entire solution. A second, even more rapid method, gives 
directly each coefficient. This has as yet been carried only to the fifth degree polynomial. 
The first method can be used to reduce any higher polynomial to this degree. The 
second method possesses three distinct advantages. (1) Rapidity; calculation of the 
least squares’ values of the five coefficients of a fourth degree polynomial, for a set of 
25 observations, each of 6 figures, can be made in half an hour, using a calculating 
machine. (2) Accuracy; a six key machine gives results accurate to six figures. The 
ordinary form of least squares solution for the above problem requires an eight key 
machine for equal accuracy. (3) Inclusiveness; the fourth degree solution has, within 
itself, also the solution for all lower degrees. Both methods require the use of sets of 
numerical factors (simple functions of the number of observations). Numerical tables of 
these will be published. 


7. Methods for the rapid calculation of power series formulas for band spectra. 
R. T. BrrGeE and J. D. SHea, University of California.—It is customary to express the 
spectral series found in band spectra as a power series of successive integers. We have 
developed methods by which one can quickly determine, for a given set of data, to how 
many terms it is necessary to carry the power series in order that the differences, observed 
minus calculated, may represent only the chance experimental errors. In the case of a 
power series of successive integers beginning with unity the standard method for obtain- 
ing a least squares solution can be greatly simplified, the exact formulation depending 
upon the number of terms in the power series and the number of observations used. The 
final simplified form has been computed, for various cases. In the case of band series 
which can be represented approximately by a parabolic formula, the coefficients for 
powers highcr than the second are quite small. Methods have b2en devised for estimat- 
ing values of these small coefficients, and formulas for calculating least squares values 
of the remaining three undetermined constants, such that the final solution differs from 
the true least squares solution by a negligible amount. These latter formulas con- 
stitute, independently, a second simplified method for obtaining a true least squares 
solution. 


8. A new type of spectrograph. SincLAirR SmitH, California Institute of Tech- 
nology.—A new type of spectrograph is described which enables one to study the varia- 
tions of spectrum lines with time. The instrument was used to study the development 
of the spectrum of electrically exploded wires, and on account of the extreme brightness of 
the source, it was possible to use a time resolving power of the order of 10-* seconds. 
Different classes of spectrum lines were found to show great differences in their behavior, 
and for very short intervals of time, certain arc lines were found to widen to a much 
greater extent than can be explained by the ordinary causes. 


9. White light interferometer fringes. W. N. Bircupy, California Institute of 
Technology.—The phenomenon recently observed by N. K. Sethi (Phys. Rev., Jan. 
1924) was independently observed by the author and a preliminary report presented 
(Phys. Rev. 22, 527) in the fall of 1923. The explanation which is offered differs, however, 
from that presented by Sethi. It is based on the principle given by Cornu and Rayleigh 
that the fringe system is formed by that region of the spectrum for which the change of 
phase with the wave-length is a maximum or a minimum. As we displace the interfer- 
ometer mirror that region moves through the spectrum, but the fringes remain distinctly 
visible as long as it stays in fairly intense parts of the spectrum. 
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10. Constancy of total photo-current from sodium with temperature change 20°C to 
—190°C. Rosert C. Burt, California Institute of Technology.—It has been found 
possible to obtain surfaces so pure that the photo-currents remain almost unchanged 
when the bulb is dipped in liquid air, by the use of exceptional precautions in evacuating 
and by coating the inside of highly exhausted bulbs with sodium introduced into the 
vacuum by electrolysis. The slight change is believed to be traced definitely to scattered 
light from the liquid air and container. Furthermore, these surfaces show no photo- 
electric fatigue over a period of one and one-half hours when so strongly illuminated 
as to deliver 6X10-* amperes. It is believed that this will make it possible for the first 
time to find the electronic work-function (long wave-length limit) of sodium. 


11. The effect of caesium vapor on the secondary emission from a nickel surface. 
A. L. Kern, California Institute of Technology.—The apparatus used consisted of a 
number of concentric nickel cylinders pierced with slots in such a manner that emission 
from a central filament passed through the inner cylinders and only struck the outermost. 
The secondary emission from the outermost cylinder was collected on the cylinder 
immediately inside of it. The secondary emission was measured both with the caesium 
vapor present and with it absent, the pressure in both cases being lower than 10 mm of 
Hg. The caesium increased the secondary emission from the surface about 10 percent in 
the range of bombarding potentials from 10 to 100 volts. The caesium seemed to reduce 
the work function of the nickel a noticeable amount. 


12. The mobility of gas ions in mixtures of NH; and air. L.B.Loes and M. F. 
ASHLEY, University of California.—To distinguish between the cluster and small ion 
theories of the nature of the gas ion, mobility measurements were made on positive and 
negative ions using the Franck modification of the Rutherford alternating current 
method in a mixture of dry ammonia and air. It was found that the mobilities varied 
inversely as the square root of the product of the average molecular weight of the mixture 
into the average dielectric constant of the mixture diminished by unity. This is not 
predicted by any existing theory of ionic behavior. It is in good agreement with a new 
equation obtained by substituting the mean free path of an ion which is assumed to act 
on molecules according te an inverse fifth power law of force recently deduced by J. J. 
Thompson, into the Langevin equation for ion mobility. This new equation shows that 
such experiments cannot distinguish between the two types of theory. However, the 
assumption of an inverse fifth power law of force demands a type of cluster formation. 


13. Electrometer variations and penetrating radiation. JoserpH G. Brown, Stan- 
ford University.—The experiments on electrometer variations due to leakage currents, 
reported at the Berkeley meeting, have been continued. With a tight galvanized iron 
screen .7 mm thick, quite regular diurnal variations are obtained. The variations are 
similar to those observed by earlier workers on the ionization of air in closed vessels. 
Soft x-rays generated at 5 meters from the screen produce variations of approximately 
the same magnitude. With a lead screen 1 cm thick the diurnal variations are entirely 
eliminated. With an open mesh screen through which the air circulates, the variations 
are large and irregular; but if the basement room, in which the open mesh screen is used, 
is kept tightly closed, the variations are small and irregular. It is inferred that the 
variations are entirely due to changes in leakage rates; that the changes in leakage rates 
are a result of variations in the ionization of the air; that the ionization is determined by 
the amount of radio-active matter in the air; that the penetrating radiation which affects 
the electrometer has its source in the radio-active matter in the air near the apparatus. 


14. A modified string electrometer magnetically controlled. HuGH M. Brown, 
University of California.—A fine magnetized steel wire hangs free at the lower end like 
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a pendulum. The restoring force, created by gravity and the repulsion of similar magnet- 
ic poles, is proportional to the square of the deflection. There results a short period, 
dead beat, extremely definite, low capacity, highly sensitive instrument, cheaply and 
easily constructed. 


15. Permeability of magnetite at radio frequencies. JoHN G. KRALOVEC, Univer- 
sity of Minnesota (introduced by G. Breit.)—A resonance method was employed to 
investigate the permeability of magnetite in the wave-length range from 50 to 1000 
meters. The permeability was uniformly constant throughout this range. No distinct 
increase in the neighborhood of 100-200 meters was detected. The behaviour of the 
magnetite is thus different from that observed for iron by Wwedensky and Theodort- 
schik (Phys. Zeits. 24, 216-217, May 25, 1923; Ann. d. Physik 68, 463-480, Aug. 31, 
1922). Their results were verified for cast iron filings with the apparatus used for 
magnetite. The resonating elements of iron are thus absent in magnetite. 


16. The growth of snowflakes; experimental evidence. JOHN MEap Apams, Uni- 
versity of California, Southern Branch.—The great variety in the forms of snowflakes 
has been conjectured (Wegener, Thermodynamik der Atmosphire, Leipzig 1911, p. 89) 
to be due to the random succession of different atmospheric conditions along the paths 
of the flakes. In particular, it has been supposed (l.c.) that a slightly supersaturated 
atmosphere is favorable to growth at the points of the crystal, and conversely. Experi- 
ments to test this supposition have been successful to the extent that needles of ice of 
surprisingly rapid growth have been obtained in an atmosphere of supersaturated water 
vapor, free of air. These needles show some unexpected peculiarities, and further 
experiments on them are in progress. 


17. A zone-jet, multi-stage diffusion pump. E.L. HARRINGTON, University of Sas- 
katchewan.—There is described a form of diffusion pump of simple construction embody- 
ing the use of a series of zone jets co-axial with the final jet, a simple tube jet. These are 
sufficiently separated in cascade fashion to permit cooling between them. Preliminary 
tests indicate high speed and ability to operate against a fore-pressure of 20 mm or more 
of mercury. 
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